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AN ISOLATOR IN IMAGE GUIDE

ABSTRACT

An image guide consisting of a layer of dielectric and a

layer of ferrite with periodic metal strips between these layers

is analyzed. Non-reciprocity of the phase constants caused by the

gyrotropic nature of the ferrite makes it possible to create non-

reciprocal leakage phenomena by means of the metal strips. These

phenomena can be used to develop a distributed isolator. Numerical

results and data from the experimental investigation performed are

presented.
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INTRODUCTION

In the last decade, the microwave engineers have been

trying to extend integrated circuits at microwave frequencies to

millimeter-wave frequencies. The approach to millimeter-wave I.C.'s

tends more to optical waveguides than to coaxial lines as is the

case for microwave I.C.'s. The most promising means to make

millimeter-wave l.C.'s is the image guide system. Various compo-

nents have been built. However, to date little has been done to

create a non-reciprocal device compatible with image guide systems.

The structure proposed here is one that is compatible with image

guides and is reasonable in size at millimeter-wave frequencies.

The isolators available at millimeter-wave frequencies

are the Faraday rotation type, the resonance type using hexagonal

ferrites, and those made from a junction circulator. None of these

are very compatible with image guide systems although the resonance

type could possibly be. Also, hexagonal ferrites are not commer-

cially available.

Several structures have been proposed to make a non-

reciprocal device compatible with image guides. These are mainly

field displacement devices and structures[ 7 '8'' 2 01 that have physi-

cal resonances at different frequencies in the opposite direc-

tions The present structure is an extension of a previously

suggested one where a periodic grating was created in the dielectric
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guide attached to a ferrite guide The structure analyzed in this

article consists mainly of a ferrite guide next to a dielectric

guide with periodic metal strips between the guides and oriented in

the E-plane.

In this article, Chapters 1 and 2 review ferrite theory

at microwave frequencies and with a simple explanation of how the

non-reciprocal ferrite devices presently in use work. Chapter 3

deals with the derivation of the theory for analyzing the propaga-

tion constant in the proposed structure. Chapter 4 presents the

numerical procedure and the computer program. Chapter 5 deals with

the experimental investigations and the comparison between the

experimental and the theoretical results.

F

* 1



CHAPTER 1

GENERAL FERRITE THEORY, PARAMETERS AND MATERIALS

The purpose of this chapter is to give some insight of

what ferrite is, what makes it different from other materials and

what parameters distinguish different types of ferrite materials.

This chapter also deals in some detail with the derivation of the

so called permeability tensor of ferrites. This tensor permeability

is the most direct tool which could give an engineer insight into

how ferrite material is going to behave. The tensor permeability

is what makes ferrites different from other dielectric materials and

it would be used back and forth in analysis of systems containing

ferrite materials, so it would be a good idea to look at the tensor

and see how it originates and how to control it to obtain the

desired characteristics.

3

.7
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1.1 Types of Magnetism

a. Diamagnetism and Paramagentism

For any material the magnetic moment of an atom is equal to

the sum of the moments of its electrons. In a large number of cases,

this moment is zero due to the symmetry of the atom which contains as

many electrons rotating in one sense as in the other sense. Just as

in electromagnetism, where a flux gives rise to an induced current

tending to oppose any change, a substance which is acted on by a

magnetic field tends to respond by the creation of internal charges.

If the moments of the atoms are zero, then the induction is smaller

than the applied field and the magnetic susceptibility must be nega-

tive. Such a substance is said to be diamagnetic. The magnetic

-5
susceptibility is very small of the order of 10 (e.g., water has

X = -0.91 x 10- 5).

If the magnetic moment of the atom is not zero, the body

is said to be paramagnetic. Substances where atoms have an odd

number of electrons are paramagnetic. This is the case of atoms

which have an incomplete internal shell as well as for free ions.

Metals are often paramagnetic because of the presence of conduction

electrons, as are also some bodies which have an even number of

electrons.

The susceptibility is now positive but it is still very

-5 -4
small (of the order of 10 to 10)
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b. Ferromagnetism

A substance is said to be ferromagnetic when it possesses

a spontaneous magnetic moment in the absence of any applied magnetic

field. The spontaneous magnetic moment per unit volume is called

the saturation intensity Ms.
s

An explanation of this phenomenon was first given by

Weiss [29] who postulated the existence of a force tending to align

all the magnetic moments of the atoms in the material in one direc-

tion. Thus, a ferromagnetic substance is a paramagnetic substance

in which there exists a field, called the molecular or exchange

field by Weiss. This field aligns the magnetic moments of all the

paramagnetic atoms into one direction.

Hleisenberg [22] later showed that the molecular field was a

coupling of electrical origin which existed only if the distances

between the atoms in the material lay between certain well-defined

limits. The energy of this coupling is called the exchange energy.

It can be shown that for two neighboring atoms, whose spin moments

equal S and at an angle p to each other, the exchange energy is

given by

W =  J ( 2  .)

where J is a coefficient called the exchange integral.

However, the exchange energy which tends to align the

moment is more or less counterbalanced by the thermal energy which,

by random agitation of the atoms, tends to destroy the alignment.
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This energy is proportional to the product of Boltzmann's constant

and the absolute temperature. At low temperatures the exchange

energy is predominant and a large number of the moments are aligned.

The saturation intensity M is, thus, relatively important. As the
s

temperature rises, the increase in the thermal energy gradually des-

troys the alignment and the saturation intensity decreases. When

the two energies are equal, the saturation intensity becomes statis-

tically zero. The temperature at which this occurs is called the

Curie point or Curie temperature.

Above the Curie point, the substance is no longer ferro-

magnetic and becomes paramagnetic. Below it, the moment M varies5

as shown in Fig. (1.1).

M
S

T (K)0 T
C

Fig. (1.1) The variation of saturation magnetization with temperature

The value of the molecular field can be deduced from a

knowledge of the Curie temperature T . In the case of iron it turns
c

F, out to be of the order of 5 million oersteds.
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The exchange energy is important only if the distances

between atoms lie between very narrow limits. There exist relatively

few ferromagnetic materials. In fact, only iron, cobalt and nickel

exhibit this property at normal temperatures.

It should be noted that a ferromagnetic material is not

necessarily magnetized to saturation. The reason is that in the

absence of an external magnetic field, the substance is divided

into small domains, called Weiss [1 6 domains in which the moments

are aligned spontaneously and which are, therefore, saturated. But

the direction of magnetization varies from one domain to another

so that the overall magnetization can be quite small or even zero.

Fig. (1.2) shows schematically the distribution of Weiss domains in

a ferromagnetic material and the direction of magnetization for

each.

Fig. (1.2) Weiss domain in Ferromagnetic materials

This microscopic domain structure has been verified photographi-

cally. It is assumed that each domain is separated from its neigh-

[13bors by a thin region, called a Bloch wall, in which the mag-

netization changes direction.
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In the presence of an external field, two phenomena can

happen; an increase in the size of the domains in which the magneti-

zation lies in the direction of the applied field, or a rotation of

the magnetization directions in the various domains tending to align

them with the field. The first of these two effects seems to exist

for relatively weak fields and the second for fields approaching

saturation. When the latter condition is reached, as in Fig. (1.3),

all the domains are aligned with the applied field.

B

- 3

/ 2
!

/

0I __

I 1

H
c H applied

Fig. (1.3)

(1' Reversible zone
(2) Increase in the size of certain domains

(3) Rotation of the magnetization of the domains

If the applied field is reduced or removed after a speci-

men of ferromagnetic metal has been magnetized to saturation, the

domains do not revert to their original positions. A certain

amount of magnetization or remanent induction Br, is left. If it is
fr
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large, we have a permanent magnet; if it is small, the material is

said to be soft. The corrective field is the field which must be

applied to reduce the remanent induction to zero.

c. Antiferromagnetism

In a ferromagnetic body, magnetized to saturation, all

the moments of the atoms are oriented parallel to the applied field

when the temperature is much below the Curie point. It can happen,

however, that the moments form an antiparallel arrangement, as shown

in Fig. (1.4). In this case the magnetization remains weak, the

susceptibility being then of the same order of magnitude as that of

a paramagnetic substance; the material is than said to be antiferro-

magnetic.

1dc dc

J>O: Ferromagnetic J<0: Antiferromagnetic

Fig. (1.4)

It can be shown theoretically that ferromagnetism corresponds to a

positive exchange integral and antiferromagnetism to a negative

exchange integral.

.. . . . .I_ . - . . - I I
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d. Ferrimagnetism

Knowing the molecular composition of a material, one can

determine the number of magnetons available to the part in the mag-

netization; (one magneton usually defined as the Bohr [13 ] magneton

is the smallest magnetic moment possible, which occurs due to one

electron spin). It is then easy to deduce the saturation intensity

of the material when all the magnetons are aligned parallel to each

other. It is now found that for certain compounds such as iron

oxide, FeO, Fe 20, for example, the saturation intensity obtained

experimentally is considered less than the predicted value. If the

calculation is done in reverse, it is found that only 4.2 magnetons

per molecule of Fe304 have contributed to the magnetization, as

against the 14 magnetons available. To explain this, Neel 16 1 pre-

3+
sumed that the trivalent Fe ions of Fe203 were antiferromagnetic

2+
(moment aligned antiparallel), whereas, the divalent Fe ions of

FeO were ferromagnetic (moment parallel); analogous ideas had been

proposed by Guilland on the subject of the components of manganese

and bismuth. This type of magnetism, which applies to the fprrites

which we are about to discuss, has been given the name ferrimagnet-

ism.

In a ferrimagnetic molecule, then, there are atoms between

which the exchange integrals are positive and atoms between which

they are negative. The overall moment of the molecule is the dif-

ference between the sums of the moments of opposite senses.

3I



1.2 Material Composition, Saturation and Curie Temperature

Relationships

As the temperature of ferrite is raised, the magnetic

structure is weakened and eventually falls into complete disarray

(the Curie point). When non-magnetic ions are substituted, the

structure is already weakened and the Curie point reduced Fig.

[28]
(1.5) [ Rare earth substitutions for yttrium in YIG do not

weaken the interaction, and the saturation magnetization can be

varied without affecting the Curie temperature.

6000

0.35

_ 5000 4 06

400
0.5

t 4000

0.

o' 02

o 1000- 0

0.67
0 100 200 300 400 500 600

CURIE TEMPERATURE (-C)

Fig. (1.5) Saturation Magnetization and Curie
temperature for various ferrite systems

ip

•- 14 - - . ..... . .... - IIlliII, l - . . _ . .. , . . .. . .... . .. .f1 . . ..
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For ferrite devices, the Curie point determines both the

maximum operating temperature and a critical temperature range where

small temperature variations will have large effects on device

characteristics.

1.3 Precession and Gyromagnetic Resonance

Consider a particle rotating about itself (in this case

a spinning electron) which we shall assume to have the shape of a

small sphere Fig. (1.6). The axis of rotation is along a direction

Ot, which makes an angle 6 with the Oz axis of a set of reference

axes with origin 0 at the center of the electron. Since the elec-

tron has mass, there exists along the Ot a kinetic moment which is

designated by the vector p.

z

tl

Hdcl M 3

t2

0 y

x

. , Fig. (1.6)
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It can be shown that the kinetic moment is the product of

the action quantum h and the spin quantum number s, which has only

two possible values ± 1/2. Since h = 105.4 x 10-36J/s, the only

two possible values of the kinetic moments are pe = hs =

± 52.7 x 10- 36j/s. We know, however, that the electron also pos-

sesses a magnetic moment M which, in this particular case, is the

Bohn magneton Mb = 9.27 x 0-21 Mx - cm.

Any particle having mass and spin will give simultaneously

a kineti,. moment and a magnetic moment. By definition, the ratio

y = M/P is called the gyromagnetic ratio of the particle. In the

particular case of the electron:

Mb 6(12
(1= - = 17.6 x 10 (1.2)

e

If no external force is applied to the particle, it

rotates about the axis Ot, where direction remains fixed. Let us

suppose that a d.c. magnetic field H is applied along the Oz axis.

This magnetic field exerts on the moment M a couple:

c= M xH, (1.3)

and the time derivative of the kinetic moment is:

= x (1.4)
dt

But from y = M/P we also get

gdt d"(1.5)

dt ydt
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Combining the above equations we get

1 dM --

which is tie differential equation of motion for the moment M.

With M, the tip of the vector M, as origin, let us take

a set of coordinate axis MtI , Mt2 , Mt3: Mt2 is in the place of

and Oz, and Mt3 is perpendicular to this plane. The projections

of dM/dt on these three axes are given by kinematics. They are

on Ot dM

1 dt

on 0% MdO (1.7)
2  dt

on Ot 3  M sine d

3  dt

being the angle between the projection of M on xOy and the Ox

axis.

Further, the projections of the vector product on the

three axes are: on Ot & 0t 2 = 0; and on Ot = MH sine. Finally,
1 23 dc

the equation- of mot ion of M are written 1 dM 0, 1 M sine d =y dt y dt

MHdc sinP. This last relationship gives:

de y (1.3)

dt dc(

Since, in addition, d-M = 0 and M d 0 0, then the locus of the tip

of the M vector is a circle lying in a plane perpendicular to Oz.

The circle is described with an angular velocity:
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W d (1.9)

The M vector, therefore describes a cone around the Oz

axis with semi apex angle 0. We recognize here the phenomenon of

precession in a gyroscope. The frequency of rotation is given by:

= 2nf, so that f = Hd. In the case of an electron,
21 dc'

f = 2.8Hdc (1.10)

where f is in GHz and H is kilo oersteds.

The precession thus produced is accompanied by a dissipa-

tion of energy which appears almost entirely as heat, the remainder

being transformed into an electromagnetic radiation of frequency f.

This dissipation of energy brings about a decay of the motion, the

angle e becomes progressively smaller and precession ceases when

is aligned with H.dc The time between the application of Hdc and

the end of the precessional motion is called the relaxation time.

Let us now consider an electron under the influence of a

d.c. magnetic field Hdc for a time long enough for the moment M to

be aligned with H and for all precession motion to have ceased,

Fig. (1.7).

F
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Z

dc

h ,- Y

-. Y y

Fig. (1. 7)

Let us apply to the electron a second magnetic field h,

lying in the xOy plane. The resultant field will be a vector

Hdc + h making an angle e with the direction Oz of the moment M,

and we find ourselves in the situation of the preceding paragraph

and the spin moment will again acquire a precessional motion around

the direction of (M + h).

Let us now suppose that the field h is a high frequency,

circularly polarized field. It is known that such a field is

characterized by a vector h which rotates in the plane of magnetic

polarization (here, the plane xOy) at the given frequency. In

these conditions, the vector (9dc + h) describes a cone around Oz,

carrying with it the moment A which acquires a precessional motion

around it. Two cases can then arise:
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a. The sense of rotation of h is such that

the cone is described by (Hdc + h) in

the same sense as that of the precession;

in this case, if the frequency of h is

the same as that of the precession, there

will be synchronization of the two phenomena

and we have resonance. The amplitude of

the precession (aperture of the cone)

increases until the energy supplied by

the high frequency field exactly balances

the losses, and the motion is maintained

in equilibrium at the expense of the high

frequency field which, therefore, suffers

a significant absorption. This phenomenon

is known as gyromagnetic resonance.

If h is small compared with H, it appears

when the value of the latter is such that

the frequency given by f = 2 .8Hdc is equal

to the frequency of the field h. The d.c.

field at resonance, Ho, is therefore

Ho =
2.8

b. The sense of rotation of h is such that

the cone is described by (Hdc + F) in

the opposite sense to that of the precession.

- |-
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In this case, synchronization is

impossible and there cannot be any

gyromagnetic resonance.

One important fact will be observed: resonance occurs

for only one sense of polarization. Now, for a circularly polar-

ized high frequency wave, the sense of rotation depends on the

direction of propagation. Resonance, therefore, occurs in one

direction of propagation only; in the opposite direction, no signi-

ficant absorption occurs. This is a formal contradiction of the

reciprocity theorem. Cyromagnetic resonance is, therefore, a non-

reciprocal phenomenon.

The absorption curve of ferrite material vs. Hdc will be

as shown in Fig. (1.8). One may notice that changing the direc-

tion of H or the microwave field has just the same effect.

Absorp ion

HHHdc

-H0  H0

Fig. (1.8)
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1.4 The Permeability Tensor and Line Width

In the simplest microwave case, the total effective

magnetic field in the equation of motion ( = " i x i ) consists
dt

of the d.c. magnetic field Hdc and the r.f. magnetic field h.

H Hdc + h

The total magnetization consists of the d.c. magnetization Md.c.

and the r.f. magnetization m

M "Md.c. + m (1.12)

In component form, the above equations are:

0 h 0 m
x X

Hd 0 , h h Mdc , m m

H dc hz  Mdc mz

The equation of motion now gives

dmx
-t = m y (H dc + h) - hz Y (Mdc + m z)

dm
ydt Hx (Hdc + h) + h y (Mdc + m) (1.13)

dmZ
- m yh -m yh
dt x y y x

I .



20

In the small signal approximation higher order terms of

m and h are set equal to zero. The small signal approximation is,

therefore:

dm
X

y Hdc y Mdc

dm
y H + h yM (1.14)

dt x dc x dc

dmz
dt

Rewriting and differentiating the last equations, we

have:

+l +W 2 mn W W h -w h

2m +w =w h w wh (1.15)
y 0 y m x m y

mi 0 ,

where w m yM dc = yHdc and indicates time derivative.

If the time dependence of the r.f. quantities is of the

form exp(jwt), a susceptibility tensor [X] can be defined which

relates the r.f. magnetization to the r.f. magnetic field.

x! X y 0

Where [X] = xxx yy (1.16)

0 0 0

1 t .. ...
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W o

and X xx  0y 2 2 (1.17)

0

jWm
Xyx X y 2 2 (1.1)

0J - w
0

The components of the susceptibility tensor have a

singularity at to = t0 . This is defined as the resonance condition.

A tensor permeability can also be defined by relating

the r.f. flux density b to the r.f. magnetic field h,

S= h + m (1.19)
0

or

b vi [vo [] h

0 r

where [vr 1 [11 + [x].

In component form, the tensor permeability is given by

[i jk 01
= jk 0 0 (1.20)

0 0 1

where V + Xxx

jk = -Xxy

[21]
This is the well known Polder tensor permeability.

The permeability tensor is usually employed in conjunction with

Maxwell's equations to solve microwave ferrite boundary problems.

t-I
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Damping may be introduced into the equations of p and k by adding

an imaginary frequency term jaw to w in these equations. We shall0

next discuss where the jaw term comes from and what is the value of

a.

To stabilize the motion of the magnetization vector at

resonance, a damping term must be introduced into the equation of

motion. One form of phenomenological damping term is due to Landau -

Lifshitz [1 7 given by:

Y ya[Mx (M x H)] (1.21)

where a is a dimensionless parameter that determines the damping.

Solving for y(M x H) in the above equation gives

)(R x H) = dR + [M x (x )] (1.22)

and introducing this into the last part of the previous equation

gives:

dM Q - dM _ y 2

dt Y (m x ) - F (M x -t) -MI 2 R x [R x (R x H)]. (1.23)

For most ferrites the last term is negligible since a is small.

Therefore, the equation could be written as,

M= Y(M H) (M x -) (1.24);dt "7 d

This damping term is shown in Fig. (1.9). The components of the

tensor susceptibility obtained from the small signal solution to
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the above equation containing the damping terms are:

(, ( + ju)m 0Xxx = X.y (= + " )_ 2 (1.25)

Sx 2 _ 2 (1.26)
(W + jun) _

0

Hence, the only difference between these equations and the equations

when we did not consider damping is that an imaginary frequency term

jun has been added to the resonant frequency u . Hence, :;he damping0

term can always be introduced by replacing u0Yby +j , in the loss free

components. The real and imaginary parts of the susceptibility

tensor are plotted in Fig. (1.10) as a function of u /m, u 1w and a.
m o

p
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The damping factor a can be related to the linewidth of

ferrites in the following way. The linewidth is usually defined

as the difference between the magnetic field values at a constant

frequency where x' the imaginary parts of the diagonal component

of the susceptibility tensor, attains the value of half its value

at resonance as shown in Fig. (1.11).

'I

XXa

x

I I

I I

Ho,

Fig. (1.11) Linewidth of Ferrites

Equating the imaginary part of xx to half the maximum value of

II

x we get

iI2 2

Wm a( 01 W__ 1/ Wm (.7
2 2 2 2 2 2 1 2 2wct1.7

(W 01  -U)) + 4W0 1 W

Rearranging gives a quadratic in w01

4 2 2 4 2ml- 2u2 u0 1 + (iC - 4cx 2 ) = 0, (1.28)
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whose solution is

1/2
= (d(I ± 2a () + wa. (1.29)w01,2

Hence,

=02 - '01
2 (1.30)

The linewidth is usually defined by

Al -02 -TO1(1.31)Y

• yAM
-.W = 2 (1.32)

For engineering purposes the imaginary frequency jaw is usually

written in terms of AH from the last equation.

1.5 The Permeability Tensor Below Saturation

Below saturation there exists no additional formulation

of the tensor, since not all the electron spins are aligned to the

applied magnetic field, and we do not have any measure of alignment

to formulate a theory which would give us a good result.

The only remaining solution is to measure the tensor and

then fit empirical equations to the experimental results. One such

1101work has been done by J. J. Green and F. Sandy l
. In their 1974

paper they discuss the experimental results of a number of different

types of ferrites and then fit the appropriate general empirical

formulas which are given by

I

..... .,. -; - - I .



27

[~~ -jk 0]

= jk 0 (1.33)
0 0

where k -W /W
0

O= 2/3 [1 - (m 1w)2]i/2 + 1/3

11 u0 + (1 P (WO/W3/2

(I - W )5/2
~ 0 mz 0

1.6 Measurement of the Permeability Tensor

The permeability tensor obtained by measurement is perhaps

the best way to characterize a ferrite material. Actually when

ferrites are produced the only way to obtain important parameters

such as saturation magnetization and linewidth is by making mea-

surements.

There exist various types of measurement techniques, the

main two being the cavity perturbation and the ferrite filled wave-

guide method. The former method is usually preferred since it

gives better results and the sample size required is very small.

The cavity perturbation technique could be classified into two

methods, namely the non-degenerate cavity method and the degenerate

cavity method due to J. 0. Artman 5  Using non-degenerate cavities

provides information only about the diagonal element of the tensor.
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However, at times this is sufficient, especially close to resonance

and for small damping where the diagonal and off-diagonal elements

are closely related by equation

k = 1- (1.34)

Degenerate cavity methods give information about the

diagonal and off-diagonal element of the tensor but the overall

inaccuracies involved in having a good degenerate cavity make it

difficult to obtain reasonable results with this method.

The perburbation theory for various types of cavities

and s--p-le shapes have been derived; a good account of this is given

[11by Lax and Button A general idea of the derivation of per-

turbation relations is given next.

In the cavity methods the way to determine the suscepti-

bility tensor is to measure the shift in resonant frequency and

the change in Q of the cavity loaded by a small sample of ferrite

material.

In the case of the unperturbated cavity resonating at a

frequency (o0 Maxwell's equations are

V x EO = -Jmo p0 ho (1.35)

V x h0 = jW0 C0 E0 (1.36)

If the cavity is now perturbed by a sample having a

volume Av, the cavity will resonate at a new resonant frequency w.
p

-.06. -
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Maxwell's equations applicable to the perturbed cavity are

A x E - -jwiP h (1 + [X]) (1.37)

A x = jWE 0 E (1 + [X]). (1.38)

[x] and [xi] are in general tensors, although in a ferrite [X£] is

a scalar X

In the above equations the electric and magnetic suscepti-

bility terms are zero everywhere outside the region Av occupied by

the ferrite material. After some algebraic manipulations, and

taking into account the boundary conditions at the surface of the

cavity, we obtain

W -f [O([Xg].E).EO + j([x].r) .ho]dv
0 if - 0 -* 0 (1.39)

"0 I [(oE0 .E) + (p0 h h) dv

This equation is exact and could be evaluated if the field compo-

nents of the perturbed cavity were known. However, according to

first order perturbation theory, we can set E E0  and h = h0

throughout the cavity.

If the sample is located at a point in the cavity where

E0 = 0, then we have

S"J - "0 -f ([t]'ho)'ioIdv
6 -W0 'fL ho)- (1.40)

0 2friO 0 dv

~-.-- w--~............. ..
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In the above equation we have used the fact that the

stored electric and magnetic energies averaged out over time are

nearly equal. We have also made use of the fact that

This equation, therefore, gives the external susceptibility tensor

of the material. Since the susceptibility is complex in general,

the frequency w is complex also. For small change this can be

written as

W 0

= U0 + W jA (-Qu) (1.41)

where Qu is the unloaded Q of the cavity. Hence,

A 0 ([x1 ho) •h dv
_ I v z 0 0 1.42)

0 2f (ho"h 0 ) dv

1 f V l x * (1.43)2 Qu 2f (h E"h) dv

The real and imaginary parts of the susceptibility tensor are,

therefore, obtained by measuring the shift in resonant frequency

and the change in unloaded Q of the cavity. A detailed description

adFx[241of how to perform such measurements is given by Sucher and Fox

*1

I
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1.7 Commercially Available Ferrites

Properties of typical commercially available ferite

[2820materials are shown in Figs. (1.12) and (1.13) [82 The satura-

tion magnetization varies from 250C for substituted YIC to 50000

for NiZn ferrites; Mg Mn Al ferrites have a saturation which ranges

from 600 to 3000G. Actually these are the general purpose ferrites

mainly used at X-band.

Materials with narrow Iinewidth will be mainly substituted

YIG or Mg Mn Al ferrites. Addition of Ni or Co usually tends to

increase the linewidth. The dielectric loss tangent tends to be

lower for garnets and MG, ferrites than for Mn and Ni ferrites so

if a high saturation is not required, it appears to be advantateous

to choose garnets or Mg Al ferrites for low magnetic and dielectric

loss over a wide range saturation magnetization.

PgoIrTts o OE TYPICAL C'OMuMIAciLI Y AVAILABLI, MIc'NOWAVE IERRITES

(anc Resonance Coercve Dx~lectric Dielectric
,I 4f %1, tenificraliirc line wcidth Land6 force constant los factor Density

n TL (iil 3 K) .111(0,) A-itar 5H, (On) * 3

Garnet,
1741) :X(V 5!10 575 35-60 2003-201 0.7 150-13 D.(012-005 5.05-5.1

11 At 22S 1 , .O 35-75 1 .992.05 0.4-1.2 13 4-Is5 0 0AXI2 5 430005 5 (0503

Mikel 1 ie
110NXX i 65 30s 2.7-2 42 - 9.-1 0,000".001I7 .

-NIZn N111 650 135 2.0 09 125 0.0 -
Nl' io38) 860 865 200-350 22-221 12 13 0.0fl0"-.0025 -
Nit ,Al 8)- 244U) 642-026 2(1n6- 1 )(0 2 33- ?94 6 5 36 9-12.5 -.0.0005S-0 0021 50S
Ni r.'% 22001 825 50D 2.45 - 12.0 0,002 4,90
N.AI 3%162133 410 W3 155-450 1.4- '7 4-7 8 2-32 8 000033-43801 4.7-4.8

VlnMI 363013 220 535-595 10-50-l 102.1 3.4-2.5 12-03 *-.13323-0fX11" 4,2-4.3
MSInA3 691 1 76A 171-165 120-490 2 (03-2 11 04-2 t 11 5-12 <0 (W25 -0,0005 3.9-4.3

Fig. (1.12)
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CHAPTER 2

CONVENTIONAL NON-RECIPROCAL EFFECTS

Before describing the original work done in this research

project, it is worth mentioning what has already been developed in

the field of non-reciprocal devices. A brief description of most

of the non-reciprocal effects discovered up to now is given in

this cahpter. Finally, a brief discussion on the merit and improve-

ment methods of each type of device will be given.

33
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2.1 Resonance Effect

Consider a piece of ferrite in which a circularly polar-

ized wave is propagating in a given direction. Let us suppose that

the plane containing the magnetic field vector of the wave is per-

pendicular to a d.c. magnetic field applied to the ferrite. These

are the conditions under which resonance is possible and, if the

circular polarization is rotating in the positive direction, we

obtain the maximum value of ("+) at a certain value of the d.c.

applied field. For a wave propagating in the reverse direction, it

is (p"-) which is involved and we know that, under these conditions,

quite a large attenuation is possible in the ferrite.

It is easy to visualize an application of this phenomenon

with the arrangement shown in Fig. (2.1). In a circular guide, a

wave is propagating with circular polarization in the TEll mode.

coil

circular guide
ferrite

Hdc

Forw ird direction Reverse direction

Fig. (2.1) Circular guide filled with ferrite

and magnetized along the axis

L A .. .
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A coi I placd around tile guide develops a d.c. field in

the axis of the guide, along which lies a strip of ferrite. If the

sense of rotation of the polarization is such that the IorriLc

exhibits its i"- permeahility in the forward direction, the attenu-

ation in this direction is low. On the other hand, when propaga-

tion takes place in the reverse direction, it is p"+ which appears

and a high attenuation occurs when H is adjusted for resonance.

The ferrite isolation has not, however, been developed

in this form and in practice it is the arrangement of Fig. (2.2)

which is used.

y

h

Z y

h

/X
I /

I /

L

d(Ic

Fig. (2.2) The actual construction of the
resonance isolation in rectangular
waveguide



36

In a rectangular guide, when propagation is in the TEoI mode, the

components of the magnetic field in the directions Ox and 0y are as

follows:

Ii = -j sin 2x e- j y (2.1)
x L

IT 71 ,X e-i By
h - - cos E- e- (2.2)
y 1

27r
where 

2- -
' g

The amplitudes of these components depend only on x, while

the exponential term is representing the phase of the propagating

field component. Since circular polarization is defined by two

components in quadrature in space and 90' apart in phase, for all

points where:

h = jh (2.3)
x y

the polarization of the magnetic field is circular.

This relationship is verified for a plane parallel to

the narrow side of the waveguide at a distance x from the origin0

such that:

I xo I 7TXo(24-j sin - = -j - cos (2.4)

i.e. tan x =- _ (2.5)
L 2L

But in a rectangular guide:

/ g o 2 (2.6)

1- (Ao/L) 2
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So the formula shows that xo depends on frequency. Using this

formulation, we could locate the position where we have circular

polarization in a rectangular waveguide. A piece of ferrite will be

placed at this position in the waveguide such that the effect same

as in the circular waveguide will occur. For an applied static

magnetic field, the ferrite material will go into resonance and

absorb the microwave energy for one direction of propagation while

nothing will happen in the opposite direction. The main problem of

such a device is that the position where we have circular polariza-

tion varies with frequency. Various techniques are used to counter-

act this shift with frequency. The most popular methods used are

placing a piece of dielectric next to the ferrite or by tapering the

ferrite cross section.

2.2 The Faraday Effect

Consider again the arrangement in Fig. (2.1), but suppose

now that a TE wave with rectilinear polarization is propagating

along the guide from left to right.

We know that a linearly polarized wave can be resolved

into two circularly polarized waves of the same amplitude and oppo-

site sense of rotation. In the ferrite acted on by the field Hdc,

one of the two waves will, therefore, be affected by the permeabil-

ities p+ and the other by the permeabilities p-. The resolution

of the linear polarization into two circular polarizations is

- - -
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represented in Fig. (2.3(a)). It can be seen that the vector R is

the sum of the two vectors P and P2 rotating in opposite directions.

I 2

R \

P P 2/
/

1

(a) (b)

Fig. (2.3) The vector representation of the Faraday
effect, considering the wave propagating

down the guide as two circularly polarized

waves in opposite directions

P1 and P2 being synchronous, R remains always vertical.

If, in the course of propagation, one of the two components slowly

changes phase with respect to the other, R will rotate as shown in

Fig. (2.3(b)). The component Pl, instead of being at P' symmetri-

cal about the vertical with P2, lags by an angle so that the posi-

tion of R is now as indicated on the diagram and makes an angle e

with the vertical.

Now this is exactly what happens in the guide. Since p'+

and p'- are different, the propagation constants,

B+ 2r and B- 2T (2.7)+
Ag Ag

are different.
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The relative lag of one component behind the other is:

= [8 + - 61 t (2.8)

so that, the rotation of the direction of R is:

0 - ] (2.9)2

This rotation of the plane of polarization of the wave,

which is also found in optics is the Faraday effect. Faraday rota-

tion depends on the relative values of p'+ and P'- and, to make use

of it, it is necessary to work in a region where they differ appre-

ciably. However, pi"+ and p"- must be small so that the system will

not introduce any appreciable attenuation in the propagation.

The essential feature of the Faraday effect is its non-

reprocity. Let us assume that, in the case of Fig. (2.1), for prop-

agation from left to right, the Faraday rotation takes place from

left to right as seen by an observer looking in the direction of

propagation of the wave. In the reverse direction of propagation,

the position would be the same if tdc were also reversed; but Hdc

has maintained its direction so that the p are permuted and Faraday

rotation takes place from right to left as seen by an observer

looking in the direction of the inverse wave and, therefore, from

left to right as seen by the first observer. The two rotations

corresponding to the forward and reverse directions are equal and

add; it suffices, therefore, to make 0 = 450 to produce an isolator.

I

• I
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The structure used is that of Fig. (2.4) which shows also

the position of the electric field vectors. A rectangular guide

excites a circular guide containing the ferrite. The axial magne-

tic field is created by a coil around the circular guide. The lat-

ter in turn excites a rectangular guide set at 450 to the input

guide. It can be seen that for a Faraday rotation of 45' there is

transmission from left to right. In the right-to-left direction,

the rotation brings the electric field into quadrature with the

field of the TE01 mode in the input guide. The field in quadrature

cannot be propagated in the guide. It is, therefore, reflected to

the right where after suffering a rotation of 450 it finds itself in

quadrature with the normal field of the output guide from which it

is again reflected to the left and again rotated, this time into

the right direction to enable it to re-enter the input guide. To

prevent this an absorbent load is placed near the input guide; this

load is a resistive slab perpendicular to the input field (and so,

having no effect on it) and, consequently, parallel to the field

coming from the right, thus insuring maximum absorption.

- . -
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Tape, l.rved
ttrrougr 45'

~~~Pemane 
t / " "

Resistive 
-- Fe~att to

attenuator Foam support

Retnu Rectangular to
Rertangular circular taper
waoeguide

Forward wave out

Reverse wave 45'

Reves

aRotated torward 
wave

Forward

ae. recton

Ot rotation

Reverse wave totated

Reverse wave cancelled

(b)

Fig. (2.4) The Faraday rotation isolator.
a. Cutaway view
b. Method of operation

It will be seen that the ferrite employed is a cylindrical

rod which occupies only a small part of the cross-section of the

circular guide. In fact, a small cross-section of ferrite is suf-

ficient to affect a large part of the transmitted energy because of

the high values of c and p; it is found that there is an optimum

ratio of the diameters of the ferrite and the guide for a maximum

figure of merit.

p

F -L .
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2.3 The Field Displacement Effect

The field displacement effect Is due to the appearance of

hiig.hr modes in the ferrite as a resullt of the high value of the

product of its dielectric constant and its permeability. Since the

permeahility tensor depends on the direction of propagation of the

wave, it is conceivaible that one might get non-reciprocal effects.

The mechanism of field displacemeit can be represented hy

Fig. (2.5) for a rectangular guide loaded with a slab of ferrite

stiik to one of the narrow sides of the guide.

ln I E+E 111:Il IH n tln

(a) (b) (c)

Fig. (2.5) Fields in a wave guide
partially filled with ferrite.
a. The field distribution of the

two modes
b. Resultant field in +ve direction
c. Resultant field in -ye direction.

In this guide, partially filled with dielectric (ferrite), there is

a mode whose configuration is F: this TE mode is Independent of
a mode ~~~Ol isidpneto

the direction of propagation and is a function of the dimensions of

the ferrite and Its dielectric constant only. However, the high

----- i ii - , . - -.--



43

value of the permeability tensor causes higher modes to appear, the

effect of which is indicated by En, the values of E depending on
n

the direction of propagation. If we denote by E+ the distribution
n

obtained for one direction and by E that obtained for the opposite
n

direction, the resultant field is E + E in the one case and E + E-n n

in the other.

The resultant configurations are arranged as shown in

Fig. (2.5(b)) and (2.5(c)). In the former case nearly all the

energy is concentrated in the ferrite with a field maximum at the

air-ferrite interface, whereas, in (c) nearly all the energy is in

the air. If an absorbent strip is stuck to the ferrite, there will

be a large attenuation in the direction of propagation corresponding

to (b) and a low attenuation in the reverse direction.

It is very difficult to calculate field displacement sys-

tems because of the complex permeability tensors. A relatively

simple case is that of a thin slab in the plane of circular polari-

zation of the guide: in this case the permeability would be 1'

in the propagation direction and p'- in the reverse direction.

+ I- + I
We can have either V' < 1' or 1' > o' depending on

the value of H . It is essential to operate in the former range so
0

as to have the maximum difference between the two directions of

propagation, which means using magnetic fields below the resonant

field. Under these conditions, however, the system is only of

interest at high frequencies where the low-field waves are negligi-

ble.

.. - . . .. . . . || . . . . ..
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2.4 The Junction Circulator

A particularly compact device which has found a great

many applications over a wide frequency range is the symmetrical

Y-junction circulator as shown in Fig. (2.6).

isO

>rrits

(a) N Wb

+ (c)

Fig. (2.6) (a) The circuit symbol for the Y-junction
circulator indicates transmission as

I+II-+III-+I, and so on,
(b) The waveguide version shows a vertically

magnetized ferrite rod as the nonrecipro-
cal element,

(c) The stripline version shows the ferrite
disc which is magnetized perpendicular
to the broad face.

The feature that makes this device so attractive is its

* simple, compact, light construction at all frequencies. Although

it has been designed to operate in bands from 100 MHz through the

UHF region and the microwave region to the mm-wave range, it
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rarely weighs more than a pound, and the largest models are less

than 6 inches in diameter. In the stripline version Fig. (2.6(c)),

it is often manufactured by printed circuit techniques and is minia-

turized through the use of high dielectric constant materials, which

also permits it to carry higher r-f power before corona effects set

in. The device will tolerate high signal power considerably in

excess of 50 Kw (peak) and 500 watts (average) when operated as a

circulator, switch, or modulator.

Until very recently, the Y circulator and switches have

been developed empirically and explained on a phenomenological

basis in terms of the scattering matrix treatment.

The circulation mechanism can be explained briefly, as

follows: The wave incident at Port I of Fig. (2.7) is the fun-

damental mode with the r-f electric vector polarized parallel to

the direction of the applied magnetic field. Thus, the ferrite

disc supports two typical electromagnetic modes characteristic of

such a tensor magnetic medium. Two mutually orthogonal components

of the r-f magnetic field are excited in the plane perpendicular

to the d-c magnetic field vector, i.e., the plane parallel to the

broad face of the disc. One mode has a right-hand circularly

polarized r-f magnetic vector and has increasing field intensities

toward the right side of the input port. The other mode has the

opposite sense of rotation. The combination of these two modes

has a hyperbolic transverse electric field dependence. The plane

wave incident at the input stripline port is distorted within the
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ferrite so that field intensities increase toward the region between

input Port I and output Port II, as shown by the contours of con-

stant electric field intensity Fig. (2.7).

U Sol ate d

o ./ -6 (Ou tput)

~Field-

0displacement
peak

I(Input)

Fig. (2.7) Idealized sketch of the contours of
constant r-f electric field intensity
within the ferrite disc of the stripline
Y-circulator illustrating the nonrecipro-
cal field displacement principle of circu-
lation.

This combination of the two sets of rotating modes com-

puted by Bosma [ 1 6 produces a wave pattern which has its field-

displacement peak between the input and output ports and a null at

the isolated port. Both the electric and magnetic field configura-

tions established by the superposition of'these two modes result

in a pattern for which Poynting vectors exist at input Port I and

output Port II and are oppositely directed, whereas the vector

vanishes at Port III.
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2.5 Comparison of Isolator Types

In this chapter four basic types of isolators have been

discussed with respect to method of operation, construction, and

design consideration. It is appropriate to compare the types to

bring out the advantages of each. Fig. (2.8) is convenient for

this purpose.

The field displacement isolator requires a medium biasing

field and, thus, a medium weight magnet. The Faraday rotation

isolator requires the lowest biasing field and seems capable of

providing isolation approaching those of the field displacement

isolator. Its bandwidth capabilities are somewhat greater than the

field displacement device but not as great as the resonance isola-

tor. The power handling capabilities of both the field displace-

ment and Faraday rotation isolators are limited by the loss films

employed which can dissipate a relatively small amount of power.

It should be pointed out that a circulator can be used

as an isolator by terminating the unused ports. This can be par-

ticularly advantageous from a power handling standpoint, since

reflected power can be dissipated in a termination which is capable

of being cooled, rather than in the ferrimagnetic material. The

Y-junction circulator, when used as an isolator, rates an E on all

counts in Fig. (2.8).
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CHAPTER 3

ANALYTI CAL FORMULATION

This chapter deals mainly with explaining th,. derivation

of the analytical expression of the proposed structure. The struc-

ture (Fig. 3-1) consists of a dielectric waveguide containing a

ferrite layer in which periodic metal strips are provided. This

new structure is an improvement of the recently proposed device in

[I]
which a notched grating was used instead of the metal strips

In the analysis it has been assumed that the structure is infinitely

periodic in the x-direction and that it is invariant in the y-direc-

tions. The metal strips are also assumed to be infinitely thin.

Tie operating principle of this device lies in the fact

that the propagation constants of the guided waves in the opposite

directions are different when a dc magnetic field is applied. When

a periodic perturbation is provided along the waveguide, it is pos-

sible at a certain frequency interval that a guided wave propagating

in one direction becomes leaky and, hence, it attenuates as it

propagates; whereas, the one propagating in the opposite direction

is still guided without leakage. Hence, the structure works as an

isolator.

In the structure proposed previously, the periodic per-

turbation was produced by a grooved grating. It turns out that the

49
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[2]
grooved grating provides only a small perturbation . In the new

structure the m,.tal strips would provide an appreciable amount of

perturbation, since the principal electric field is chosen to be

parallel to the strips. Hence, the attenuation constant due to

leakage in this new system would also be large and the entire device

length can be reduced for a given degree of isolation.

In the analysis it is assumed that the problem in invari-

ant in the y-direction. It is also assumed that the strips have

no thickness and only E y, Hx and Hz components are present. The

problem is first solved for the system without metal strips using

the transverse resonance technique. Then by applying Floquet's

theorem, the electric fields outside the strip and the currents

in the strips are represented in terms of space harmonics. The

transverse equivalent circuit of each space harmonic is then

derived with the effect of the metal strip. The next step is the

application of Galerkin's method to the entire spectrum. In this

method the current is expanded in terms of known basis functions.

The resulting equarion could then be used to solve for the propa-

gation constant of the grating structure.
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3.1 The Transfer Matrices and the Equivalent Transverse

Resonance Circuit

119]
The transverse resonance method is a powerful way to

derive a transcendental equation in terms of the propagation con-

stant of the system in question. The sum of the impedances at one

point in the transverse direction is zero (resonance) only for the

correct values of propagation constant.

In the case of a multi-layered structure, formulation of

the impedance in the transverse direction can be facilitated by the

use of transfer matrices for each layer in question. In this way

one could easily obtain the impedance at any plane in the system

with respect to the impedance at a given reference plane.

The derivation of the transfer matrix for a ferrite layer

is as follows. Consider the structure in Fig. 3.2.

z

z 1Wave pro~gation.

S\z 2
\ ' Hdc

Fig. (3.2).
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From Maxwell's equations

VxE = -j w1 H (3.1)

For a TE wave in the x direction we are going to have E, 11 and H
y x z

components only.

Let

(Z) [a e - j r z + b ejflZ ] ej(Wrt - x) (3.2)
y

then,

a a a
x y z

-E -DE

VxE a a
DX Dy Dz-z x )X z

0 E 0
y (3.3)

also,

0 O jk Hx

-jWII = -j ()o 0 1 0 0 (3.4)

-jk 0 H

= -J (, [(pH + jKHz) a + (-jKH + IH z ) a (3.5)
0 x z x x z z

Equatin for a and a in Maxwell's equations and solving for H (z)

we get

H (z) WIJ [a(cO + jn) e - jflZ + b(ct - jn) ejnx]  (3.6)

o e

where P = (p 2 K 2)/P , a K/pu 1 + [w w/(W 2 W
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2 _ (a 2 2 62_
K n Gw/ w 20 - W2) , o w yH , = y4irM and rl " -

Here, -y is the gyromagnetic ratio and 47M is the saturation magneti-

zation. Also, the time and propagation factor exp {j(wt - fx)} is

to be understood and suppressed.

We will now identify E and H as V and -I, respectively.y x

Then the values of V(o) and I(o) at Z = 0 are related to those at

V(z) and 1(z) at z = z by

V(o) cos Tiz - sin nz J sin z V(Z)

I I. ()2 +r2 IIO -
L() + sin nz Cos qz + - sin nz L(z)

0e 
(3.7)

This experssion relates the impedance at one point in the transverse

direction to a reference value of the impedance.

In the case of a dielectric material, the transfer matrix

can be written as

V(o Cos nz [ )
* t I ITi

1= (3.8)
I (o) sin n Cos II . (z)

This can be derived by letting a = 0 and 1e= 1 in (3.7)
The transverse resonance equivalent network for the structure in

* Fig. 3.1 is given by removing the current source in Fig. 3.3. The

current source appears when the equivalent transverse network con-

cept is introduced in the analysis of the grating structure with

metal strips. Such a process will be explained in the next section.
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The eigenvalue equation Y + YL 0 provides the propagation con-

stant R. Note that we obtain two different values of ( corresponding

to waves propagating in the opposite directions.

Y (9n) Air- Region

Z 1tf 1

[Ff (,n)] Ferrite- Slob

n Yu ()n) in

Z = 0 'En=
In Y L (8n) Yu (n) + YL (Bn

[Fd (9n)] Dielectric-Slob

Z t

Y (/ 3 n) Air-Region

Fig. (3.3) Transverse equivalent network

for the space harmonics.

S- 1 - - w ....... .. .



56

3.2 Floquet's Theorem and the Space Harmonics

The basis for a study of periodic transmission systems is

a theorem due to a French mathematician, Floquet. This theorem may

be stated as follows: For a given mode of propagation at a given

steady-state frequency, the fields at one cross section differ from

those a period away only by a complex constant. The theorem is

true whether or not the structure contains loss as long as it is

periodic. The proof of the theorem lies in the fact that when the

structure having infinite length is displaced along its axis by one

period, it cannot be distinguished from its original structure.

Hence, we write the electric or magnetic field as

= E(X, y, z) e-Y(x) ej Wt (3.9)

where E(x, y, z) is periodic in x with period d.
The ieldE~x y, ) e Yx ]

The field F(x, y, z) e can be expanded in a Fourier

series of the form

E(x, y, z) e - Yx  En(y, z) e-j(2n/d)x e - Yx  (3.10)

all n

To find E (y,z), multiply the above by e J ( 2r m / d ) x + 'x
n

E~x y z e (2rm/d) x = 5 jyz ~(27m/d)x J i(21m/d)x
all n (3.11)

.... ... .. .' . . ..
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Integrate both sides from xI to x1 + d

Cxi+d (x +d

E(x,v,z) e dx E (y,z) e j (2/d)(m-n)x
fJ n dxxI  all n xI d

-0 , m n

(3.12)
En(y,z)d m = n

Therefore,

E (y~z = 1 x1 +d

E (y,7) d 1 +J [E(x,y,z) e - Yz] e [ y + j (2mn/d)]x dx (3.13)
nx

I

This expression is used later to calculate the amplitude of indivi-

dual terms in the series.

The n-th term on the right of the series representation

is called the n-th space harmonic. It has a propagation constant

2rrn
y + j -d . If there are no losses in the system, it turns out that

y is either purely real or purely imaginary. If imaginary, we

write y = j(, and define
0

2n T
S= 0 + d (3.14)

where n is called the phase constant for the n-th space harmonic.n

A velocity v n w/n is the phase velocity of the n-th space har-J n n

monic.

-Z K.-d
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Applying Floquet's theorem to the structure containing

periodic metal strips, we can write expressions for the electric

field and the current on the strips as

JO x
m = E (z), e n (3.15)

y n

J n x2n T
J= i: J e nB = B+- Y (3.16)jy in e n +d (316

Since E and J are expressed in the same manner, we only
Y Y

need to relate E and J . Since E and J are no longer functionsn n n n

of x, we can use the spectral domain immittance method. For each

space harmonic, each layer is replaced with a transfer matrix.

From the transverse equivalent circuit (Fig. 3.3) the space har-

monics of the E at z = 0 and of J are related by
y

E 1 j = Z J (3.17)n YU(Bn) + YL(Bn) n n n
U n L n

The quantities YU and YL are input admittances looking upward and

downward at z =0. They could easily be found by the use of the

transfer matrix methods discussed in the previous section. In

fact, it is only necessary to substitute Bn for B in the expres-

sions derived in that section.

_ w" . _ - - .- ,. .
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3.3 Variational Formulation and Galerkin's Approximation

Thu next step is to obtain the dispersion characteristics

of the structure by using the relation of E and J . To this end,
n ii

we apply a variational formulation of the structure. The varia-

tional formulation of the structure could be written as

= f1 (x) J(x) dx (3.18)

-d/2

lhis integral could be written as

= E .T = 2 Z (3.19)n n n n
n n

Since the electric field on the metal strips and the current in

the spacing between metal strips is zero, a stationary solution

must make T vanish. Hence, j j2 Z = O.E n n

We now expand J in terms of known basis functions.
n

N 
Q

n = a (j) (3.20)j=l 1 l

N being the number of basis functions and a. the unknown coeffi-3

cient of each function. Substituting into the variational equation

we get

N
SK.. a. = 0 i = 1, 2,... N (3.21)j= 1j J

, ,~
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This process is identified as Galerkin's procedure. The above

equation has a unique solution only if

det [K..] = 0 (3.22)
1j

From this equation, the dispersion characteristics can be obtained,

and we can compute 3 for a given frequency.



CHAPTER 4

THE COMPUTER PROGRAM

A computer program has been written to analyze the

ferrite-diclectric structure containing metal strips (Fig. 3.1).

The program is based on the theory discussed in Chapter 3. The

best way to explain how the theory has been implemented numeri-

cally by the program is to look at the flow chart of the program

(Fig. 4.1) relating how the subroutines are linked. A print-out

of the program is given in the Appendix.

61
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PROGRAM PERLOAD
Main program.

Reading and printing DATA , structure

of data, calculation -aparameters and
of ferrite parameters material properties

Call SPACE to calculate
the space harminics Sub. SPACE.
and stores them.

Call UNIFORM to Sub. UNIFORM
calculate a with no calls EQUIV to use

metal strips, to be transverse resonance

used later as a to search for the

first approximation. real part of 8

Sub. PERIOD Call PERIOD to find
root search routine the solution of B
to find a that
makes det K..=O.

Call GRAPH to plot Sub. GRAPH
the results. 4Zeta plotSub.DETER i [routine.

calculates det K ij

Sub. IPED

evaluates the input

impedance of the
space harmonics.

[Sub. EQUIV

[calculates the

equivalent transverse

resonance impedance.

Fig. (4.1).
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4.1 Program PERLOAD

This is the main program which controls all of the sub-

routines. First the data defining the structure dimensions and

material properties are read and then printed. The space har-

monics are then calculated and stored in an array by the subroutine

SPACE.

Polders permeability tensor is then calculated, Green[1 0 ]

and Sandy's formulas are used for the ferrite below saturation.

The program then calculates the propagation constant of

the structure without periodic metal strip.3 using Subroutine

UNIFORM. This result is then used as a first approximation of

for the structure with the metal strips where the actual theory

discussed in Chapter 3 is implemented.

Subroutine PERIOD is then called. This subroutine in

turn calls the rest of the subroutines to implement the root search

of the actual structure. This will be discussed in more detail in

the next section. This subroutine will give the result of 1 for

the respective frequencies desired. The program then calls sub-

routine GRAPH; this is a ZETA plot routine to plot the K-r3 diagram

desired.
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4.2 Subroutine SPACE

The function of this routine is to calculate the space

harmonics of the basis functions used. in this particular program

it has been determined that four basis functions would give enough

accuracy. The basis used are truncated sines and cosines, best

represented in Fig. 4.2.

d-a d-a

to I

Fig. (4.2). Basis representing the field distribution
between two periodic metal strips.

The normalized equations of the basis used to represent the elec-

tric field between two periodic metal strips are given by

TTd J o x  IX

2(d - a) e cos d(4.1l)

-.-'
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ji d Jo 2iix
1d C a 0 sin -Cd----x --

-3did - a) (4.1)

e 0 d aa)

27id j 3oX sin 
4 7x

J (d -a) e

As explained in Chapter 3 to calculate the space harmonics by

Floquet's theorem, the following integral has to be performed.

d-a
2 -j X 2 nx

I [BASIS] e d dx (4.2)d f d-a

2

The integrals for the four basis functions have been analytically

calculated to give the following equations for the space harmonics

which are programmed into subroutine SPACE.

C (N ) = -
11 - 4y

sin X
C2 (N) 1 - Y

(4.3)
C3 (N) = X

3 ~ 1 - 4Y

C (N) sin X
4 ~ 1

C4N --. Y a

where X = Nn (i - d

y = ( 2 a 2
d
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4.3 Subroutine UNIFORM

This routine searches for a solution of 8 when the

structure consists of just a dielectric-ferrite guide. Subroutine

UNIFORM is called to give the impedance looking up and down trans-

versely at the ferrite dielectric boundary. According to trans-

verse resonance the solution of a occurs when the sum of the imped-

ance looking up and looking down is zero.

This routine searches only for the real part of 3. The

way this is done is by fixing a lower and upper bound where 8 may

exist and then scan this 'egion by dividing it into 100 segments.

The lower bound has been chosen to be the B of air only and the

upper bound the 6 for ferrite only, since ferrite usually has the

largest value of 8. The only problem that may occur in this rou-

tine is when the effective permeability of the ferrite becomes

negative. In this case either the value of B could be smaller than

that of air or no solution would be found as has been frequently

experienced.

4.4 Subroutine PERIOD

This routine is mainly a root search routine. The func-

tion is mainly to find 8 which makes the determinant zero. The

determinant is calculated by subroutine DETER, so this routine

gives the value of 6, plugs it in DETER and then tries to find the

value of 8 for zero determinant.
p

0 -
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Muller's method is used to search for 3. Muller's method

is an improvement on Newton's method. For more detail one should

refer to Peter Henrici, "Elements of Numerical Analysis," John

Wiley & Sons, 1964, page 198.

This routine could be replaced by an IMSL routin such as

ZANALY. ZANALY has been used and tested; it actually gives the

same results as subroutine PERIOD. The only difference is that

using IMSL is more expensive and one has less control of what goes

on.

4.5 Subroutine DETER

The function of this routine is to calculate the deter-

minant for a given input value of 3. First, the matrix Kij is

formed by putting together the space harmonics of the basis func-

tions. It has been found experimentally that taking ±40 space har-

monics would give an accurate answer. In order to calculate the

symmetric matrix Kij, the routine calls subroutine IMPED which in

turn calls subroutine EQUIV to get the neressary information on the

impedance looking in the upper and lower regions, to be able to

implement the formula

Kij n / Uon ) + YL(0n) (4.4)

The determinant is then calculated using standard equations.

a:



CHAPTER 5

THE EXPERIMENTAL INVESTIGATION

This chapter deals mainly with the experiments that have

been carried out. Both theoretical and experimental results are

included. The main purpose of this investigation is to try to see

if the numerical results are reasonable. Another purpose is to

investigate experimentally if this structure could be used as an

isolator.

Extensive experiments have been performed to investigate

the validity of the theory. Since the theory is based on the

assumption that the structure is infinite in both X and Y direc-

tions, and practically no such device could be constructed, an

experimental investigation has been carried out to see the effect

of finiteness of the structure.

68
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5.1 Evaluation of the Structure for Experimental Purposes

The structure analyzed in theory could he simulated by two

kinds of guides, namely dielectric guides or image guides. Both

systems have their advantages and disadvantages, but the fact that

it is difficult to support dielectric guides makes the image guide

more feasible to build an integrated system. Although experiments

have been carried out using both systems, the image guide system has

been finally adopted for these experiments. A brief description of

the two systems used is given below.

(a) Dielectric Guide System

The structure used was made of Stycast Hi-K (ce = 10) asr

the dielectric and of Magnesium ferrite. The dielectric guide was

fed from two identical horns. The horns have waveguide-to-coaxial

adapters and the system was tested using a coaxial reflectometer.

A schematic diagram of the entire system is given in Fig. 5.1. The

setup was mechanically not very stable because the positioning of

the dielectric between the horns was very sensitive to small move-

ments. Another major problem with this system was that the reflec-

tion coefficient could not be well monitored since the coaxial-to-

waveguide adapter produced significant reflections.

(b) Image Guide System

Two systems using image guides have been considered. One

system used the coaxial reflectometer just like the dielectric guide

I
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system, and the other system was designed to work with a waveguide

reflectometer. The use of the waveguide reflectomet!r was intended

to eliminate the reflections caused by the waveguide to coaxial

transition. A diagram explaining the image guide system is shown

in Fig. 5.2. The waveguide reflectometer had a return loss of about

-40 dB while the coaxial reflectometer with horn to horn position

had a return loss of -15 dB.

A problem with the image guide system as compared to the

dielectric guide system is whether or not the metal strips should

contact the ground plane. This problem will be investigated in

detail in a later section.

5.2 The Test Setup

The final choice of the setup was the image guide system

using the waveguide reflectometer. Due to the X-band waveguides

used, the frequency swept was from 7 GHz to 16 GHz. The measure-

ments taken were mainly insertion loss and return loss using the

H.P. scalar network analyzer. The magnet used was a water cooled

Harvy Wells magnet which could go up to 8 KG with the supply avail-

able. A Gauss meter by F. W. Bell was used to monitor the magnetic

field. A diagram of the whole setup is given in Fig. 5.3.

5 . .. ... . .. . . . ..
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5.3 Preliminary Investigation, Non-reciprocal Effects on

Applying an External Magnetic Field

This investigation has been made to answer some of the

questions that could be put forth on the structure used. The dielec-

tric used was Stycast HiK (E = 10) and the ferrite was Magnesium

type (TT-I-105). The ferrite and dielectric widths were 3 mm each

and the height of the image guide was 5 mm. The period and strip

width of the grating were 13 and 3 mm, respectively.

(a) No Metal Strips

This experiment has been carried out to verify that the

waves behave in a reciprocal manner when the metal strips are not

inserted. Another purpose of this experiment is to show at what

frequency the ferrite resonates for a particular magnetization.

From the results of the experiments shown in Fig. 5.4, one could

easily see that in one direction the system goes in resonance at a

lower frequency than the other direction. This behavior can not

be explained as yet, but from what has been observed the difference

in frequency is only 200 MHz at most. This system could be used

for isolation purposes, but the bandwidth is very narrow.

(b) Metal Strips Touching Ground Plane

This experiment has been performed as part of the investi-

gation to determine whether or not the metal strips should touch

the ground plane. From the experimental results of Fig. 5.5, one

pW
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7 GHz 10 13 16 GHz- 0 dB

'10 dB

'w,\l , PA/J!, AAI. l I'll~ I v~v~i V /Vvd Hd 1KG.

H 
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0K

7 GHz 10 13 16 GHz
. . ... 0 dB

7 GHz I 0 13 16 GHz

f~~t4 Pil f~IlI\ fllfwye(~\( ~~l~r f H d=2 KG.

Return loss

+ve Insertion

-ve loss

Fig. (5.4a) Guide with no metal strips.
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7 GHz 10 13 16 GHz

" / 1 10 dB

H ' 0O KC.

7 GHz 10 13 16 GHz

0 dB

,.-,. I / \v'.,
\(~~\I VV1 10 dB

t~~ / d=0.5 KG.

7 GHz 10 13 16 GHz
.dB

S\ { / " 1  0 dB
/ I , 'I~' '- Hdl KC.

I I

Return loss

+ve Insertion

--___ -ye loss

Fig. (5.5a) Metal strips touching ground plane.
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7 GHz 10 13 16 GHz

0 dB

\/ "'\ f -"V',_10 dB

-HI dc=2\ KG.
' ,-- I

t

7 GHz 10 13 16 GHz

-resonance_ /0

v V10'lO dB-., / \" I . ',\ N
'~~~~~~ ,, " 1_ d=3 KC.

7 GHz 10 13 16 GHz

\ / '" it , rx ., \' " d ,'

resonance
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I
I  
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- -: Return loss
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Fig.(5.5b) Metal strips touching ground plane.
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could see that for no magnetization almost all the energy is

scattered or attenuated. As the magnetic field is applied, large

non-reciprocity is evident at two frequency ranges, namely from 8

to 9 G1lz and 11.5 to 12.5 GHz. One notes that this occurs at a

magnetization of only about .5 KG, indicating that the system is

way below saturation and, of course, resonance.

This structure has not been considered further since at

zero magnetization the theory does not predict that all the energy

should be scattered. Although the insertion loss in the forward

direction is about 10 dB, this structure may be useful if attenua-

tion is reduced by optimization.

(c) Use of Low Dielectric Constant Slabs to Suspend the Guide

Above the Ground Plane so that the Strips would not Touch

This experiment has also been part of the investigation

to find out whether the strips should touch the ground plane or

not. In the experimental results shown in Figs. 5.6 and 5.7, thin

dielectric films of E = 2.3 and 0.7 mm thickness have been inserted

between the ferrite-dielectric rod and the ground plane. From the

result, it is evident that a stopband and a leaky wave region could

be seen at 8 and 9.5 GHz, respectively.

As compared to when the strips were touching the ground

plane, the non-reciprocity at 12 GHz is still evident at low mag-

netization in the present case. The other phenomenon is that in

1 
_V1
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plane by means of dielectric
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7 GHz 10 13 16 G~z
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r 0dB
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'I,'I - ('~!-~~j~ Hd 2.5 KG.

7 GHz 10 13 16 GHz
0dB

resonance

'I TV'- Hd 3 KG.

Fig. (5.7b) Guide suspended 1.4 mm above ground
plane by means of dielectric
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one direction the system goes in the leaky wave region at a different

frequency than the other direction. This difference is only 100 MHz

and could not be of much use. One also notices that in the negative

permeability region non-reciprocity occurs. The bandwidth of the

non-reciprocal effect is about 1.5 GHz. This effect is very visible

especially near 3 KG.

To find out the effect of the thickness of the low dielec-

tric constant layer, experiments have been performed for two differ-

ent values of thickness. Fig. 5.6 is for one slab of .7 mm thickness

while the data of Fig. 5.7 is for two slabs of .7 mm thickness each.

A comparison of the results of Fig. 5.6 to those of 5.7, shows that

the overall attenuation decreases with increase of the thickness of

the low dielectric constant layer. On the other hand, the non-

reciprocity and the stopband are larger for a thinner layer of low

dielectric constant material.

(d) Use of Metal Strips which do not Touch Ground Plane:

Strips are truncated at 1 mm Above Ground Plane

Another way of preventing the metal strips from touching

the ground plane is to truncate the metal strips on the ground plane

side. The results obtained with this structure are similar to the

ones when the low dielectric slab was used. The only difference is

that the overall attenuation is 2 dB less. This is mainly due to

the use of shorter metal strips. The results of this investigation

F
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are shown in Fig. 5.8. The stophand in this system is hardly visible

at 8 GHz since the metal perturbation is small.

(e) The Effect of the Period and Strip Width

The change in period of the metal strips should only change

the position of the stopband, although it may have an effect on the

bandwidth of the non-reciprocal part of the result. Experimentally

not much has been made in this respect. The only experiment per-

formed is with the period and strip width 11 mm and 1.5 mm, respec-

tively instead of 13 mm and 3 mm as in the previous case. The

results of this experiment are shown in Fig. 5.9.

From the results, one could see that the overall attenua-

tion is reduced compared to Fig. 5.8, while the non-reciprocal

effects are still preserved. This observation makes sense since the

narrower the metal strips, the less scatter and perturbation occurs.

5.4 Effect of having a Finite Grating Structure

In this section, we study the effect of finite length of

the grating section. The analysis of a periodic structure applies

to an infinitely long structure in the strict sense. It is expected

that the characteristics of a grating of finite length will differ

somewhat from those of an infinitely long one. We will study such

difference.

The structure used for this investigation was made of

Alumina ( I 10), and no ferrite has been used. The structure was
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Fig. (5.8b) Guide with metal strips one mm~ above
ground plane. d-13 mmu, a- 3 mm.
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made with alumina on both sidea of the metal strips. Two alumina

slabs were glued together with the metal strips in the middle. The

period and strip width was 10 mm and 2 mm, respectively. The thick-

ness of the alumina slabs was 1.5 mm and the height 4 mm.

The experiment consisted of starting with 17 metal strips

and then taking off four strips at a time to measure the system with

13, 9, 5, 3, 1 and finally no metal strips at all. In this experi-

ment, the metal strips were isolated from the ground plane. Each

of the seven structures described above were tested with five dif-

ferent types of isolation from the ground plane. In one of these

five methods, the structure was isolated from the ground plane with

a layer of 3M scotch tape. In the remaining four cases, four slabs

of dielectric material (E = 2.3) of .7 mm thickness each were

placed under the alumina structure one by one to make different

thicknesses of low dielectric constant material under the main

guide. The experimental results of this investigation are shown

in Fig. 5.10.

The computer program has been run for these particular

cases to investigate if there is any correlation with the experi-

mental results. The computer result is shown in Fig. 5.11, where

the attenuation constant is given in Nepers per mm x ()d

The computer results show that the system should have a

stopband between 10.5 GHz and 13 GHz. From the experimental result,

the stopband is between 10 and 11.5 GHz, so there is a discrepancy

of about 1 GHz in the bandwidth of the stopband. The overall shape

i'1
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of the theoretical and experimental results are very similar. It

is evident theoretically that the attenuation at frequencies below

the stophand is negligible. Experimentally, the insertion loss

curves for the cases with and without metal strips differ very lit-

tle for the region below the stopband. This confirms negligible

loss predicted by theory. In the leaky region (which occurs at

14 GHz theoretically and at 12 GHz experimentally), the attenua-

tion predicted is about 1 dB/cm. This ratio gives us about 10 dB

of insertion loss for the particular length of device used in the

experiment. The experimentally observed insertion loss is also

about 10 dB. For this particular case, the computer program has

been run using the effective dielectric constant 25 ] method to

compensate for making the structure finite in the y direction.

The effective dielectric constant has been obtained in

the following manner. The propagation constant of a dielectric

guide with a height of 100 mm was first computed. We now assume

that this guide has an infinite height and, hence, is a slab wave-

guide. Next, we adjust the value of the dielectric constant of a

guide with a height of 4 mm in such a way that the propagation

constant is identical to the one in the guide with an "infinite"

height. Such a value of dielectric constant is taken as the

effective dielectric constant of the 4 mm guide. Some standard

software to calculate the propagation constant of an image guide

has been used to calculate the effective dielectric constant. The

-- '---
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program has heen run for each particular frequency since the

effective dielectric constant is very dispersive, especially for

a small guide like the one used here.

One should note that the effective dielectric constant

method only takes care of a finite size dielectric, but does not

take care of finite length of metal strips. On the other hand, it

is very difficult to do the same effective dielectric constant

method for the case where ferrite is involved since no extensive

study is available to date to calculate the effective dielectric

constant and the effective permeability of a ferrite guide.

5.5 Effect of Making the Structure Finite in the Y-Direction

It was pointe2d out in the previous section that the

effective dielectric constant method cannot be applied to the

structure containing ferrite. It is, therefore, necessary to

experimentally study the effect of a finite size structure. It is

inferred that the waveguide with a larger dimension exhibits better

agreement with the theory based on the infinitely high structure.

To make this investigation, three different sizes of

guides were produced. Each of the three guides had a different

height. One was 5 mm in height and the others were in turn 10 mm

and 15 mm. The period of the metal strips used was 10 mm and the

strip width was 2 mm. On the basis of the previous investigation

(see 5.4), the number of strips used was 11. The thickness of

ferrite was 1.5 mm and the thickness of dielectric also 1.5 mm.
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The dielectric was Stycast HiK (cE r Q) and the ferrite materialr

had a dielectric constant of 12 and a saturation magnetization of

1.75 KG. Each of the three structures was run in the magnet with

and without metal strips. One run was made with just one layer of

3M scotch tape and one with one slab of dielectric of .7 mm thick-

ness and 2.3 dielectric constant. Experiments have also been made

with a dielectric material only on both sides of the metal strips.

The experimental results of this investigation are shown

in Fig. 5.12. Figs. 5.13 and 5.14 are tables listing the observa-

tions worth noticing from these experimental results. The most

important observation from those results is that non-reciprocity

occurs in the negative permeability region. The best example of

this is shown at a magnetization of 3 K Gauss. In the experimental

results, the non-reciprocity is seen clearly for 10 mm and 15 mm

thickness. The region of non-reciprocity occurs from 11 GHz to

12 GHz. This frequency range corresponds directly with the nega-

tive permeability region. Although the negative permeability

region is from 10.6 GHz to 13.3 GHz, the permeability is mostly a

large negative number between 11 GHz and 12 G1z. Fig. 5.15 shows

how theoretically the negative permeability region occurs.

The comouter program has been used to investigate if

this non-reciprocal effect could be predicted theoretically.

Unfortunately, for the structure with no metal strips in the posi-

tive direction, no solution was found for the negative permeability
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Height of Structure with no structure with
structure metal strips metal strips

5 mm. +ve direction goes into -ve direction goes into
resonance at a frequency resonance at a frequency
200 MHz higher than the 1 GHz higher than the
-ve direction. +ve direction. So the

non-reciprocity occures
just below resonance,

that is in the negative
permeability region.

10 mm. +ve direction goes into The -ve direction goes
resonance at a frequency into resonance at a
100 MHz higher than the frequency 1.5 GHz higher
-ve direction. than the +ve direction.

The over all insertion

loss is higher than the
case when the height
was 5 mm.

15 mm. +ve direction goes into The same as for the 10 mm
resonance at a frequency heihgt, the only difference
70 MGz higher than the is that there is more
-ve direction. insertion loss over the

whole band.

Fig. (5.13) Comparison between the structure
with and without metal strips.
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region between 11 and 12 GHz. Therefore, no initial guess was

available to determine how the structure behaves with metal strips.

From the theoretical results, it is evident that more than

one mode exists in the system. From the computer results at 3 KG

(Fig. 5.16), it could be easily seen that two modes exist for the

system both with and without metal strips. These two modes may be

identified as the magnetostatic mode and the dynamic mode.

Most probably the non-reciprocity occurring in the nega-

tive permeability region is due to the dynamic mode, since according

[7)
to the work done by Bolle, this mode is the most dominant in this

region.

So, since no initial guess was available, variuos arbitrary

initial guesses were run through the computer program for the deter-

mination of the propagation constant. Fig. 5.17 and Fig. 5.18 show

the results obtained in the frequency range from 10 to 13 GHz with

different values of initial guess. It is evident that when a small

initial guess was chosen, there was no non-reciprocity in the attenua-

tion coefficient. On the other hand, when a large initial guess was

used, non-reciprocity is evident in the 11 to 12 GHz frequency

range. From the computer result, the forward loss should be about

30 dB while the backward loss should be about 60 dB. Experimentally,

with a structure of 10 mm height, the forward loss is about 15 dB

while the backward loss is about 38 dB. Although these results do

not correlate exactly, one could infer what takes place since the

t-S
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greater the height of the structure, the closer the correlation with

the theory.
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CHAPTER 6

CONCLUSIONS

6.1 The Theoretical Formulation

The theory used in this article assumed that the structure

is infinite in the x and y directions. Having the structure finite

in the x-direction may not be very far from being infinite since all

the parameters derived from the program are per unit length in the x

direction. When the number of strips is finite, one must then con-

sider the edge effects due to the first and last strips. For an

appreciable length of the periodic structure, the edge effect may,

however, be neglected.

The main deficiency of the theory is the assumption that

the structure is infinite in the y-direction. Development of the

theory for a finite y-dimension is very difficult, since one has

also to take into consideration that the metal strips are finite.

The use of the effective dielectric constant method is not suffi-

cient since it only considers the propagation constant of the struc-

ture without metal strips. From the experiments performed to inves-

tigate the effect of varying the y-dimensions, it seems difficult

to correlate the results for the same structures having different

y-dimensions. This suggests that there exists large difference

between structures finite and infinite in the y-direction.

110
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6.2 The Experimental Investigation

The apparatus used for the first investigation was quite

adequate. The waveguide reflectometer system was very effective and

the overall characteristics of the system are quite stable.. A piece

of apparatus that could have really helped the measurements is a

sweeper that could go from 7 to 16 GHz in one sweep, instead of

having to use several narrower-band sweeps to cover the entire spec-

trum. Such a sweeper would have reduced the experimental time by

almost one-half.

The experimental measurements made in such a system were

a function of three variables, namely, frequency, attenuation or

reflection and magnetization. A three dimensional plot would be

quite convenient for these measurements. Such plots would make the

experimental results much more presentable and easily interpreted.

Three dimensional plots could be produced if computer graphics had

been available. In such a case the experimental data of, say, one

magnetization would be directly stored in memory on a fast sweep

rate and then sweep the magnetization at a slower rate than the fre-

quency sweep, and putting information in the computer of the value of

the magnetic field by using the external output of a Gauss meter.

If such a system were used it would take only a few minutes

to obtain detailed experimental results, since the magnetic field

could be varied in smaller discrete steps. As it was, with the

apparatus used to take the data for the structures presented in this
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article, about three hours were required to plot the characteristics

of one structure.

6.3 Possible Improvements and Uses of Proposed Structure

From the experimental results obtained, it is evident that

non-reciprocity exists. The only problem that detracts from the

utility of the device is that up to now the forward loss is about

10 dB. This forward loss can be reduced by a number of techniques

such as adjusting the period and strip width and the dimensions of

the guides.

In the future, an investigation of the effects of period

and strip width on the non-reciprocity could be made in much more

detail. One might also consider using tapered metal strips to

reduce the reflections due to the strips in the edge of the device.

As long as the non-reciprocity occurs in the negative

permeability region, the only control on the bandwidth of the iso-

lator is obtained by using ferrite materials with different satura-

tion magnetizations. This is somewhat limited since the highest

saturation magnetization available is in the 5 K Gauss region, which

would produce a bandwidth of about 3 to 4 GHz.

In the design of an operational device one must also take

into consideration the sizes of the dielectric and the ferrite

slabs. In this investigation most of the work has been made with

the same thickness of ferrite and dielectric, and the dielectricp

*used had a relatively high dielectric constant.

. . . L-- . -
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Finally, one item of great interest is the experiment made

with the metal strips touching the ground plane. In this case, it

has been observed that non-reciprocity occurs at 12 GHz with the

applied magnetic field in the 500 Gauss region or less, which means

that we have non-reciprocity at a very low biasing magnetic field,

so that the ferrite is not even saturated. Such a device has not

been extensively investigated in this article. This should be con-

sidered in the future.

Devices based on the present structures are believed use-

ful. They are compatible with image guide systems and could be

easily used at millimeter-wave frequencies. Another possible use

of such a device is in the design of masers since the structure

consists of a slow wave structure and it is non-reciprocal.

i.
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APPENDIX

.... PROGRAM FERLOAD (INFUT,OUIF'UT,PLOTR)
2 ... C FERRITE WAVEGUIDE WITH PERIODIC METAL LOADING IS ANALYZED
3 ... C BY USING THE SPECTRAL DOMAIN APPROACH.
4 C SUBROUTINE(SPACE) CALCULATES ALL SPACE HARMONICS

C OF THE BASIS FUNCTIONS.
6 . C SUBROUTINE(UNIFORM) SOLVES UNIFORM FERRITE-DI'-LECTRIC
7 ... C WAVEGUIDE WITHOUT METAL STRIPS, AND ITS ROOT IS USED
B ... C AS AN INITIAL GUE!US FOR THE PERIODIC STRUCTURE.
9 ... C SUBROUTINE(PERIOD) SOLVES PERIODIC FERRITE-DIELECTRIC

10 . C WAVEGUIDE WITH METAL STRIPS, BY MEANS OF MULLER METHOD.
11 C SUBROUTINE(DETER) CALCULATES THE MATRIX ELEMENTS OF
12 ... C CHARACTERISTIC EQUATION BY SUMMATION AND THEN
13 ... C CALCULATES ITS DETERMINANT.
14 . C SUBROUTINE(IMPED) FORMALLY CALCULATES INPUT IMPEDANCES/
15 . C ADMITTANCES OF THE +- N-TH ORDER SPACE HARMONICS.
16 ... C SUBROUTINE(EQUIV) ACTUALLY CALCULATES EQUIVALENT
17 ... C TRANSVERSE CIRCUIT, THAT IS, F-MATRICES
1B ... C FOR BOTH FERRITE AND DIELECTRIC SLABS AND THE
19 C CHARACTERISTIC ADMITTANCE FOR AIR REGION FOR ANY BETA,
20 . C AND THEN OBTAINS INPUT IMPEDANCE FOR METAL SURFACE.
21 ... C SUBROUTINE (GRAPH) PLOTS THE VALUES OF KD/PAI
22 ... C VS. BD/PAI AND AD/PAI
23 ... C
24 ... DIMENSION C1(50),C2(5O),C3(5O),C4(5O)
25 ... DIMENSION AA(50),BB(2,50),CC(2,50),DD(2,50).EE(6,50)
26 ... COMPLEX tETA,ERROR,BP,BK,HILW,HI2, AM,AR ,EM, SI
27 ... PAI=3.1415926
28 ... C WAVEGUIDE STRUCTURE IS GIVEN HERE.
29 ... C NOTE STRUCTURE IS INFINITE IN THE Y-DIRECTION
30 ... C EF = DIELECTRIC CONSTANT OF FERRITE LAYER
31 ... C HI = DC MAGNETIC FIELD APPLIED IN Y-DIRECTION (N OERSTEDS)
32 ... C SM = SATURATION MAGNETISATION OF FERRITE (K GAUSS)
33 ... C TF = THICKNESS OF FERRITE LAYER (MM)
34 ... C ED m DIELECTRIC CONSTANT OF DIELECTRIC LAYER
35 ... C TD = THICKNESS OF DIELECTRIC LAYER (MM)
36 ... C D = PERIOD OF METAL STRIPS (MM)
37 ... C A = WIDTH OF METAL STRIPS (MM)
38 C WL = LINE WIDTH OF FERRITE LAYER (K OERSTEDS)
39 READ 100.EF,HI,SM,TF,ED,TD,D,A.WL
40 100 FORMAT(9F8)
41 C PRINTING OF ALL THE DATA
42 ... PRINT 150
43 ... 150 FORMAT(IH ,'FERRITE -'/4X, FERMITIVITY",4X,
44 ... I'INT. MAG. FIELD (KOE)'
45 ... 1,4X,'SATURATION (KGAUSS) ,4X, THICKNESS (MM)',
46 ... 15X,'LINE WIDTH (KOE)')
47 ... PRINT 200,EF,HI,SM,TF,WL
48... 200 FORMAT 1H ,4X,F7.3,13X,F?.3,17X,F7.3,13X,F7.3,13X,F?.3)
49 ... PRINT 250
50 ... 250 FORMAT(IHO,'DIELECTRIC -'/4X,'FERMITIVITY",4X,
51 ... 1"THICKNESS (MM)')
52 ... PRINT 275,ED,TD
53.. 275 FORMAT(IH ,5X,F7.3,BX,F7.3)

54 .. PRINT 800
55.. g FORMAT(IHO, METAL STRIPS -'/4X,'FERIOD (MM)',
56 ... 14X,'WIDTH (MM)
57 ... PRINT 850,D,A
58.. 850 FORMAT(H ,4X,F7.3,BX,F7.3)

59 .. DA=D/A
60 ... C NO. OF SPACE HARMONICS

114
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60 .. C NO. OF SPACE HARMONICS
61 ... C NMAX MUST BE LESS THAN OR EQUAL TO 50.
62 ... NMAX=40

63 ... C FOURIER TRANSFORM OF BASIS CURRENT DISTRIBUTIONS
64 ... C WILL BE CALCULATED.

65 ... C BASIS FUNCTIONS ARE INDEPENDENT OF FREQUENCY AND WAVEGUIDE
66 ... C STRUCTURES AND DETERMINED BY ONLY PERIOD AND STRIP WIDTH.
67 ... CALL SPACE(DA,C1,C2,C3,C4,NMAX)

68 ... C NO. OF BASIS FUNCTIONS
69 ... C N MUST BE LESS THAN OR EQUAL TO 4.
70 ... N=4
71 ... C CONVERGENCE CRITERIA

72 ... EPS=I.E-9

73 ... PRINT 400,N,EPS
74 ... 400 FORMAT(IH ,NO. OF BASIS FUNCTIONS =',I2/X,
75 ... *'CONVERGENCE CRITERIA =',E13.5//)
76 ... C 2.8 IS GYROMAGNETIC RATIO. (UNIVERSAL CONSTANT)
77... WL=WL/2.
78... HILW=CMF'LX(HI,WL)#2.8
79 ... SM=SM*2.B

80 ... HI2=HILW*HILW
81 ... C LOOPING ON THE +VE AND -VE DIRECTIONS OF THE MAGNETIC FIELD
82 ... DO 10 I=1,2

83 ... C THE DIRECTION OF MAGNETIZATION IS SPECIFIED.
84 ... HI=-HI

85 ... HILW=-HILW

86 ... SM=-SM
87 ... IF(I.EQ.1) GO TO 1

88 ... PRINT 110
89 ... 110 FORMAT(IHO,'POSITIVE DIRECTION I)
90 ... GO TO 2

91 ... 1 PRINT 120
92 ... 120 FORMAT(IHO, NEGATIVE DIRECTION/I
93 ... 2 CONTINUE

94 ... C FREQUENCY WILL BE SWEPT.

95 ... DO 20 J=6,18
96 ... K=J-5

97 ... F=FLOAT(J)

98 ... F2=FtF
99 ... C TENSOR PERMEABILITY OF MAGNETIZED FERRITE IS GOVERNED
100 ... C BY POLDER S FORMULA, AS SHOWN BELOW.
101 . . . C AM IS DIAGONAL ELEMENT (MYU) .

102 ... C AN IS OFF-DIAG. ELEMENT (KAPA)

103 ... AM=I.+HILW*SM/(FII2-F2)
104 ... AK=SM*F/(H12-F2)

105 ... C PERMIABILITY TENSOR SELOW SATURATION
106 ... C EQUATIONS DUE TO GREEN AND SANDY

107 ... SMX:'SM .7512.8

108 ... IF(ABS(HI).GE.ABS(SM)) GOTO Ill
109 .. IF(ABS(HI).G1.ABS(SMX)) GOTO 111
110 .. PRINT 999 ,F
Ill ... 999 FORMAT (IH ,F15.7)
112 ... UMO=2./3.*SQRI I.-(SM/F)4*2)+I./3.
113 ... AM=UMO+(I.-UMO)*SORT((HIA2.8/SM)tt3)
114 ... AK=-HI*2.8/F
115 ... 111 CONTINUE
116 ... C EM IS EFFECTIVE PERMEABILITY
117 .. C SI=KAPA/MYU

1 .. C WN IS WAVENUMBER IN FREE SPACE.
119 ... EM=(AMIAM-AKtAK)/AM
120 .. SI=AK/AM
121 ... WN=F2.*PAI/300.
122 ... PRINT 300 ,F,EM,SI
123 ... 300 FORMAT(1H ,'F=,F1.3,'(GHZ)',2X, EMz',E13.5,2X,EI3.5,2X,
124 ... ISI ',EI3.5,2X,E

1 3
.5)

125 ... PRINT 350,ILW.SM,AM,AK
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125 ... PRINT 350,HILW,SM,AM,AK
126 .. 350 FORMAT(IH -HILW= ,F .3,2X,F7.3,2X,'SM=',F7.3,/
12 .. 1,1X. AM=',F7.3,2X,F,'.3,2X,'AK= ,F?.3,2X,F;'.3)
128 ... WI'=WN'D/PAI
129 ... PRINT 351.WD
130 ... 351 FORMAT(IH *'KD/PAI=',E!3.5)
131 ... C AT FIRST, UNIFORM WAVEGUIDE IS ANALYZED.
132 ... CALL UNIFORM(EF,EM.SI,TF,ED,TD,WN,D,BO)
133 ... C BO IS USED FOR INITIAL GUESS FOR PERIODIC STRUCTURE.
134 ... BOK=BO/WN
135 ... PRINT 355,BOK
136 ... 355 FORMAT(1H ,B0/WN=',E13.5)
137 ... C PERIODIC WAVEGUIDE WILL BE SOLVED.
138 .. CALL PERIOD(WN,.EF,EM,SI,TF,ED,TD,D,N,CI,C2,C3,C4,
139 .. *NMAX,BO,BETA,MI,EPS,ERROR)
140 ... C BETA IS PROPAGATION CONSTANT OF PERIODIC WAVE.
141 ... C REAL PART IS PHASE CONSTANT
142 ... C IMAG. PART IS ATTENUATION CONSTANT DUE
143 ... C T0 REFLECTION OR LEAKAGE.
144 ... C MI IS NO. OF ITERATION IN MULLER METHOD.
"45 ... C ERROR IS DEFINED BY FUNCTION(BETA).
146 .. PRINT 360.BETA.MI,ERROR
147 ... 360 FORMAT(1H 'BETA=',EI3.5.2X.E13.5,5X,"MI=',I3,
148 ... t2X,"ERROR=",E3.5.2X,E13.5)
149 ... BK=BETA/WN
150 ... PRINT 370.BK
151 ... 370 FORMAT(IH ,'BETA/WN=,E13.5,2X,EI3.5)
152 ... BFl=BK WD'
153 ... 380 FORMAT(1H ,'BD/FAI=',E13.5.2X,E13.5/)
154 ... PRINT 380,BP
155 ... C FORMATION OF ARKAYS TO MAKE PLOTING EASYER
156 . . . BDI=BO*D/PAI
157 ... BD2=REAL(BP)
158 ... BD3=ABS(AIMAG(BP))
159 ... C LOGIC TO AVOID GOING OUT OF RANGE ON THE FAPCR WHEN PILOTING
160 ... IF (WD.LT.O.O) WD=O.0
161 .. IF (UD.GT.1.5) WDI .5
162 .. IF B1 LI.O.0 8D1=.0
163 ... IF (BD1 .GT.2.5) BDD =2.5
164 ... IF (BD2.LT.O.O) B112=0.O
165 ... IF (PD2.GT.2.5) BD2=2.5
166 ... IF (B3.1LT.O.0) B13?0.0
167 ... IF (BD3.GT.2.5) B113=2.5
168 . . AA(K)=WD
169 .. BB(I,K)=BII
170 ... CC1,KI=BD2
171 ... DD(I,K)=ED3
172 ... 20 CONTINUE
173 . . 0 CONTINUE
174 D.. O 15 I=1,2
175 ... DO 25 K=1,13
176 ... EE(I.K)=BB(I,K)
1"" ... EE(I+2,K)=CC(I,K)
178 ... EE(I+4,K)=DD(I,K)
179 ... 25 CONTINUE
180 ... 15 CONTINUE
181 ... Wt=WL 2.
182 ... SM=SM/2.8
183 ... CALL GRAPH (EE,AA,EF,HI,SMTF,ED,TD,D,A,W6)
184 .. STOP
195 .. END
186 ... C
187 ... C
188 .. C

180 .. C
190 ... C

'-.r--
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190 .. C
191 SUVkOuIINE SPACE(PDC1,C2,C3,C4.NMAX)
192 ,. DIMENSION C1(50),C2(50),C3(50),C4(50)
193 ... C SPACE HARMONICS OF FIELD DISTRIBUTIONS ON THE APERTURE.
194 ... PAI:3.1415926

195 ... X=F'AI*(1 .- l./P'I)
196 ... C EDGE CONDITION IS NOT CONSIDERED.
197 ... C THE BASIS FUNCFIOtS USED ARE

198 ... C El = PAI*[I/2/(D-A) EXP(J B.O:#-X)ICOS(PAI* X/(D-A))
199 ... C E2 = JkPAI D/(fI-A) EXP(Jk.OX) SIN(2F'AI*X/('-A))
200 ... C E3 = -31PF'AID/2/(D-A) EXP(J#:BO*X)*COS(3 oPAItX/( I-A)
201 ... C E4 == 2 FAIq*iB.J/(D-A)*EXP(J*BO*X)::SIN(4,PAI4:X/(D-A))
202 ... C
203 ... C THE SPACE HARMONICS OF THE BASIS FUNCTIONS HAVE BEEN
204 ... C CALCULATED ANALYITICALLY AND ARE GIVEN BY CI N),C2(N),

205 ... C C3(N).C4(N) RESPECTIVLY
206 ... DO 10 N=I.NMAX

20 . XN=X:*FLOAT(N)
208 ... XN2=XN*XN
209 . . . E=XN2*4./PAI/PAI

210 ... A=I.-E
211 ... B=I.-E/4.

213 . .. C= .- E/9.
213 ... D=I.-E/16.

214 ... SN=SIN(XN)

215 ... CN=CnS(XN)
216 ... CI(N)=CN/A

217 ... C2(N)=SN/B
218 ... C3(N)=CN/C
219 . . . C4(N)=SN/D

220 ... 10 CONTINUE
221 ... PRINT 100.NMAX
222 ... 100 FORMAT(IH , 'NO. OF SPACE HARMONICS IX, NMAX ,12)
23 . . . RETURN

224 ... END
225 .C
226 . . . C

228 . . . C
229 . . . C
230 ... SUBROUTINI PERIOD(WN,EF.EM.SI,TF,EI',TEi,E,N.C%.C2,C3.C4.
231 ... *NMAX.BO,BETA,MI,EPT,ERROR)
232 ... COMPLEX DETA.B(3),F(3),ERO.F32,F2),V321.LAMDA,
233 . . . *DET.RDET.TF',TN,I ,BNEM,SI
234 ... DIMENSION CI(50).C2(50),C3(50),C4(50'
23b . . . C PERIODIC STRUCTURE IS SOLVED.

236 .. . EPS=CFT
23? . . . P=E
238 .. . MC=i
23Y ... C INITIAL GUESS OF BETA

240 ... B(1)=BO
241 ... B(2) B(1)t0.g5

242 ... B(3)=B(1)i0.9
243 ... C PROPAGATION CONSrANT OF EZGEN MODE WILL BE SOLVED
244 ... C BY MEANS OF MULLER METHOD.
245 .. C MULLER'S METHOD IS A GOOD MEiHOD TO FIND THE ROOIS OF
246 .. C A COMPLEX FUNCTION IF THE DERIVATIVE OF THE FUNCTION
247 ... C IS NOT KNUWN. FOR MORE DETAIL ABOUI MULLER'S METHOD
248 .. C SEE 'ELEMENTS OF NUMERICAL ANALYSIS' BY PETER HENRICI,
249 .. C JOHN UILEY A SONS. 1964. CHAPTER 10 ,PAGE 198.
250 ... C OBJECTIVE FUNCTION IS APPROWIMATED BY FOLYNOMINAL
251 ... C OF SECOND DEGREE.

252 ... DO 10 1=1,3
253 ... C (BEIER) IS A SUBROUTINE WHERE YOU FEFD IN BETA AND IT
254 ... C UILL GIVE YOU BACK THE DETERMINANT F,WHr N E NEED TO
255 ... C MINIMIZE TO ZERO IF POSSIBLE.
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''tp..L MINIMILE TO ZERO IF POSSIBLE.
256 .. C CALLING OF DETER FOR THE FIRST THREE INITIAL P0I01S
257 .. C OF MULLER'S METHOD
258 ... CALL DETER(8(I) ,F(l) ,EF,EM,S1,TF,ED, TD,UN,P,N,
259 ... ICI,C2.C3,C4,NMAX)
260 .. 10 CONTINUE
261 ... 30 IF(CAES((3)-(2).LE.EPS) GO TO 24
262 ... F32=(F(3)-F(2))/8c(3)-B(21)
263 ... IF(CABS(B(2)-B(1)).LE.EPS) GO TO 24
264 ... F21=(F(2)-F(1))/(B(2)-B(l))
265 ... IF(CABS(E'(3)-B(l)).LE.EPS) GO TO 24

26? ... LAMDA=(B(3)-E4(2))k321.F32
268 ... IF(CABS(LAML'A).GE.1.E3?7) GO TO 2'
269 ... DET=LAMDA**2-4.tF(3)iF321
27'0 .. RDET=CSORT(DET)
271 .. TP=LAMI'A+RDET
272 ... TN=LANLIA-R!JET
273 ... IF(CABS(TF').GE.CAE'ScTN)) GO TO 22
274 .. H=-2.*F(3)/TN
275 .. GO TO 23
276 ... 22 CONTINUE
277 ... H=-2.#F(3)/TP
278 .. 23 ENB(3)+H
2719 .. C NEU AFFIROXIMATE Roor
28c, ... B(1 '=1U2)
281 .. ')B 3

282 .. B 3 =I

283 ... F( )=F(2)

285 ... IF(CABS(H/BU3)).LE.EPSJ GO TO 40
28b ... IF(MC.GE.50) GO TO 24
287 .. MC=MC+1
288 .. C LOOPING ON DETER TO OPTIMIZE THE SOLUTION OF HAVEING F-'O
289 .. CALL tETER(B(3),F(3),EF,EM,SI,TF,EDl,TD,UN,P.N.
290 .. C1,,C.'C3.C4,NMAX)
291 ... GO TO 30
292 .. 24 MI'=MC+50
293 ... GO TO 50
294 .. 40 MI=MC
295 . 50 BETA=1(3)
296 .- C FINAL CALL OF LETE TO PRINT RESULT
2 97 .. CALL DETER(B(3),F (3) ,EF,EM,SI,TF.ErI,TD,UN,P,N,
298 ICI,C2.C3,C4,NMAX)
29 ERRORwF(3)
300 . RETURN
301 27 MI=999
302 EkR R --- IE49
302 RETURN
304 ... E N U
305 .. C
3,j6 .. . C
30?7 . .. C
304i ... C
309 . .. C
310 . .. GUBROUF1NE IETERU(., ,EF,EM.iI, IF.ED.Tt'.UN,R.h,
311 ... 1CI,C2.,C3.C4,NMAX)
31-1 . C CALCULATION OF DETERMINANTCOFSCHARACTERISTIC EGUATION
3 13 .. DIMENSION CI(50),C2 50).C3( 0).C4(50)
314 .. COMPLEX B,F,P1I,P12.P13.P14,P22,P23,P33,P24,P34,P44
315.. *,D(4) .Z,ZP,ZN,ZA,ZS,U,EM.SI
3 16 ... C CALCULATION OF MATRIX ELEMENTS
317 ... O=R
318 . .. C (IMPED) GIVES THE VALUES OF THE ADMITANCES AT THE POINTS
319 ... C WHIERE THE METAL STRIPS ARE SITUATED THAT IS YU+YL .
320 .. C NUU ZR AND I-N ARE THlE ADMITANCFS OF THE *VE AND' -VF



320 . C NUW ZF* ANDi rN ARE THE ADNITANCES OF THE tOE AND' -YE
321 . .. C DIRECCTIONS RESPECTIVLY.
322 . .. C SO FINALLY WE WILL END UP WITH 2rNMAXfl SPACE HHMONICS.
323 . .. C NOTE THAT THE MATRIX IS FORMED' BY THE PRODUCT OF
324 . . . C EN IENtYN AND' NOT BY JN*JN*tZN.
325 . . . C
326 . .. C THE ZEROTH SPACE HARMINIC IS CALLED HERE
327 . .. CALL IMPEEU(ZP,ZN.D,0,EF,EM,SI *TF ,EI',TI',WN,ff
328 . . . Z=ZP
329 . .. P11I=Z
330 ... P12=(0.0,0.0)
331 . - . P 13 =
332 . .. P14=(0.0.0.0)
333 ... P22=(0.0,0.0)
334 ... P23r(0.0.0.01
3 3 ' . .. P-24--(0.0.0.0)
336S . .. P33=Z
33? ... P31=(0.0,0.0)
338 ... P44=10.0.0.01
339 ... 110 10 N1l,NiAX
340 . . . C LOOPING ON THE REST OF THE SPACL HARMONICS
341 . .. C TO FORM THE MATRIX.
342 ..-. CALL IMPEIU(ZP,ZN,D.N,EF.EM,S , TF,EGt.TI,WN,O)

*4 .. ZA=ZP*+ZN
344 . . . ZSzZP'-ZN
345 ... ['141I(N)
346 . .. D2=C2(N'
34? D3-C3(N)

348 . . . E14 =C 4 .N
349 . .. P1v7PI I +Z AfIIt tI1
35o P124F1 2+ZS'11 l2
3 51 . . . F13=F13 ,jAt 1' L'3
352 . . . P 1 4 = F1 4+ZStI'1 t04
3513 . . . P22=FP22+ZA*IQ'f*D2
354 ... P23=F,23tLSo,i2fIE,
355 . .. P,24=P24+ZAt'20U4
356 ... P33-F33+Z-At ['3113
357 -** P344F34+25'3 r1i4

358 . . P44=F'44+ZAtII4*D14
359 . .. 10 CONTINUE
360 . . . C CALCULATION OF DETERM~INANJT
361 . . . 0(11411l
3621 . .. D(2)=F11tP2-2-l12I'12
363 - .[.'(3)=F11 tP2Ztr 33 f2. tP1 ' P2'.3' P13-P 1341 34"P2?-Fp3

t364 . . . 1P23'P,1 -1 P2tP12'P33
365 . . . I'( 4)41 it (P"22'33 , h-#4-P,344F,34)I-P23t (FP23. P'44*.v34.
366 . .. I1P24+ F'2 41 ( P23*'3 4 -P3 3t#P 24)F -1 2'(P 2# (F''3 3'fP4 4 --F,3l
367 . .. 2P34)-P23 (PF1 31P44-P34.P14)*P.24t(F1,3*P14-P334F1 1) )*
3 6!J . . . 3 P1 3 t P1 2' (F23F4 4-pF54'P2 4) - P 22 P '#P44-P34tP1 4 )
369 . .. 4+F2-4t(FI3tF'24-P23.P,14))-F,1401PF121P(23P34-P33I'24)-

371 . . . ()

j,72. RETURN
3731 . .. END'
374 . . . C
1375 . .. C
376 ... C

370- r
379 . .. S U EROU II'NJE I MPFD(1Z.ZN ,N . 1.F .EM.SI.TIt.EI,. TI11WNi
390 . . . C EVALIJA (ION 'jF I NUT IM[,EDANIE OF SPACE HMRMC'NICS By LUSING
331 . .. C EOUI'JALEHT TRANSM!S%:'UN LINE.
3921 . .. COMPLEX P.PNF.INN.LF.,iH.Z.EM,sI

*183 . . . PAV73.l415926
3 u4 . . . FPN P 11+ 'F*ATif FLU0AT N)
3 85..ON P 8-? 'IA f '*L jAIr, N)
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385 ... BNN=B-2.*FAI/PIFLOAT(N)
386 .. C INPUT IMMITANCE FOR *N-TH ORDER HARMUNICS.
387 .. CALL EOUIV(BNP,EF,EM,SI,TF,ED,TD,WN,Z)
388 ... ZP=Z
389 ... C INPUT IMMITANCE FOR -N-TH ORDER HARMONICS.
390 ... CALL EOUIV(BNN,EF,EM,SI,TF,E ,TD,WN,Z)
391 . .. ZN=Z
392 ... RETURN
393 ... END
394. . C
395 . . . C
396 ... C
397 . . . C
398 . . . C
399 ... SUBROUTINE EOUIV(B,EF,EM,SI,TF,ED,T ,UM ,Z)
400 ... C INPUT IMMITANCE OF SPACE HARMONICS IS CALCULATED.
401 ... C AIR-FERRITE - METAL DIELECTRIC -AIR STRUCTURE
402 . . . COMPLEX B,B2,PF.PA.PD.SF,SG,AF,BFCF,DF,ADBF,CD. tI',
403 ... IYL.Y,YF,YD,Z ,U,SD.YU.AW.BU,CW,DW,EM,SI
404 ... U=(O..1.)
40' ... B2=BtB
40A . . . WN=M
40? ... WN2=UN*WN
408 ... C SELECTION OF BRANCH
409 .. PACSORT(B2-WN2)/U
410 ... PF=CSQRT(UN2lEFoEM-B2)
411 ... F'D-CSQRT(UN2*ED-B2)
412 ... SF=F'F*TF
413 ... SD=PDTlTD
414 ... SG=SI lB/PF
415 . .. YF=PF/WN/EM
416 . .. YD=PD/WN
417 ... C F-MATRIX OP FERRITE SLAB
418 ... AFzCCOS(SF)-SG*LSIN(SF)
41Q ... DF=CCOS(SF)+SG*CSIN(SF)
420 ... BF:,U#:CSIN(SF)/YF
421 ... CF=UtCSIN(SF)*YF*(1.+SG:CSG)
422 ... C F-MATRIX OF DIELECTRIC SLAD
423 ... AD=CCOS(SI')
424 ... DI,['A D
425 .. BB=U*CSIN(SD)/YD
426 ... CB -U*CSIN(SI,)#oYl
42? .. C CHARACTERISTIC ADMITTANCE OF AlN REGION
428 ... Y=F'A/WN

429 C INPUT ADMITTANCE OF LOWER REGION
430 .. YL=(CD+DD;Y)/(AD+BD*Y)
431 .. C INPUT ADMITTANCE OF UPPER REGION
432 YU:(CF+AF*Y)/(DF+BF*Y)
433 ... C INPUT IMPEDANCE
434 ... Z=YU+YL
435 ... RETURN
436 ... END

437 ... C
438 ... C
439 ... C
440... C
441... C
442 ... SUBROUTINE UNIFURM (EF,EN.Sr, TF,ED, Tb,UN.D,30)
443 ... C DISPERSION RELATION OF UNIFORM FERRITE-DIELECTRIC
444 .. C WAVEGUIDE WITHOUT METAL.
445 .. COMPLEX B.Z.Y,EM,SI
446 ... PAIr3.141%926
441 ... C DETERMINATION OF THE REGION FOR THE SEARCH
448 ... C OF A SOLUTION FOR BETA.
449 ... EM=EFtREAL(EM)
450 ... BN=EDt3.
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450 BN=EDt3.
451 ... IF(BM.LT.BN) BM=BN

452 ... BM=SQRT(BM)c0.99999*3.
45 3 ... DB=(BM-1.00001)/100.

454 ... ZI=O.0
455 ... BD=0.0
456 ... DO 30 K-1,101
457 B=( .IBFILOAT K- I W N4N/3.0
458 ... CALL EOUIV(BEF,LM,SI,TF.ED,rI'n, WN,Y)
459 ... Z=Y
460 ... IF(K.E .I1) GO TO 1
461 ... 4 ZJ-AIMAG(Z)

462 ... BP=REAL(B)
463 ... S=ZIfZJ
464 .. IF(S.LT.O.0) GO TO 3
465 ... ZI=ZJ
466 ... BRrBP
467 ... GO TO 2

468 ... I ZI=AIMAG(U)
469 ... BN=REAL(B)
4' ... GO TO 4
471 ... 3 IF(ABS(ZI).GT.I.) GU TO 6
472 ... C INTERPOLATING FOR A SETTER VALUE OF BETA
473 ... C ONCE THE SOLUTION CHANGES FROM +VE TO-VE
474 ... BD=(ZI*BP-ZJ*BR>vlw/(ZI-ZJ)/PAI

475 ... PRINT 300.BD
476 ... 300 FORMAT(IH BDI/F'AI= .E13.5)
477 ... 6 ZI=ZJ

478 ... BR=BP

4,9 ... 2 CONTINUE

480 ... 30 CONfINUE

481 ... BO=BD*PAI/D

482 ... PRINT 200,BO
483 . . . 200 FORMAT(1H ,"BO=,I113.5/X, UNIFORi END <
484 . . . RETURN
485 ... END
486 . . . C
487 . . . C
438 .. C
489 .. C
490 .. C
491 ... SUBROUTINE GRAPH (EE,AA,EFHI,SM,TF.EII,TD,D.A.WL)
492 . . . C (GRAPH) PLOTS TH4E YALUES OF Ki/PAI VS. BD/PAl AND AD/F*AI
493 ... C THAT IS THE REAL AND IMAGINARY PARTS OF BEiA
494 ... C FOR IHE FERRITE-METAL STRIPS-DIELECTRIC STRUCTURE.
495 ... C IT ALSO PLOIS THE SOLUTION OF BETA FOR JUST THE FERRITE-

496 ... C DIELECTRIC STRUCTURE THAT IS WIT1H NO METAL STRIPS.
497 .. DIMENSION EE(6.5O).AA(50).EE1(50)
498 .. CALL PLOTS (0,0,5LPLOTR)

499 .. C PRINTING OF THE DATA

500 .. CALL SYMBOL (2. 1,.6,. .2,0..-l)
501 ... CALL SYMPOL(2.2,.55,.1.
502 .. *33H- BEJA D/PI WITH NO METAL STRIPS,.O,33)
503 ... CALL SYMBOL (2...35,.1,3.0..-11
504 ... CALL SYMBOL (2.2,.3.1,
505 *39H- BETA I/PI WITH PERIOIC METAL STRIPS.0.,39)

506 ... CALL SYMBOL (2...1..1,5,0..-1)
U07 CALL SYMBOL (2.2,.05.1,
SO 50*.. t40H- ALPHAtD/PI WITH PERIUDIC METAL STRIPS,O.,40)
509 CALL SYMBOL (1.5.5.2;b,.I,IlHEPSILON-F =,0.,11)
510 CALL NUMBER (2.6,5.75.IEF,0.,2)

511 ... CALL S~flBUL (4.5,5.75,.1,I0HD = MM,O.,tO)
512 ... CALL NUMBER (4.8.5.?5...I,O.,2)5il3 ... CALL SYMBOL (6.5,5.75,.t,1IHTF = MM.0.,10)

514 ... CL.L NUMBER (6.9,5.75,.1,TF,0.,2)

515 ... CALL SYMBOL (I.5.5.5..I.IiHEPSILON-D =,0.,11)

--i---

ti.
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515 .. CALL SYMBOL (1.5.5.5,.1,11HEPSILON-D <,0.,11)
516 .. CALL NUMBER (2.6,5.5..1,E',0.,2)
517 ... CALL SYMBOL (4.5,5.5,.1,1OHA = MM,O.,10)
51B ... CALL NUMBER (4.8,5.5,.1,A,O.,2.
519 ... CALL SYMBOL (6.5,5.5,.1,11HTD = MM,O.,11)
520 ... CALL NUMBER (6.9,5.5,.1,TD,0..2)
521 ... CALL SYMBOL (1.5,5.25,.l,
522 ... 28HDC MAGNETIC FIELD = K OE,0..28)
523 ... CALL NUMBER (3.4.5.25..1 ,HI.0.,2)
524 ... CALL SYMBOL (5.5,5.25,.1,
525 .. *26HH-SATURATION = 1, GAUSS,O.,26)
526 ... CALL NUMBER (6.9,5.25,. .SM.0.,2)
52.7 .. CALL SYMBOL (1.5.5.0,.I,
528 ... 29HFERRITE LINE IDTH = K OE,O.,29)
529 ... CALL NUMBER (3.5.5.0..1,UL,0.,3)
530 ... CALL SYMBOL (6.5,1.75,.07.
531 ... *26H ------- NEGATIVE DIRECTION,0.,26)
532 ... CALL SYMBOL (6.5,1.55-.07.
533 . . :1,26H- - - - POSITIVE DIRECTION,O.,26)
534 ... CALL AXIS (1.0,1 .0,1?NHBI/PI AN1 AL/PI,-O,7.U,
535 ... :0.0.0.0.0.3333333)
536 ... CALL AXIS (1.O,1.O,5HKD/PI,5.4.5,90.0,0.0,0.3333333)
537 ... CALL PLOT (1.0,1.0,3)
538 ... CALL PLOT (4.0,4.0,2)
539 ... CALL PLOT (7.0,1.0,2)
540 ... C SETTING OF THE ORIGIN
541 ... CALL ORIGIN (1.0,1.0,0)
542 ... DO 11 N=1,6
543 ... DO 9 K=1,13
544 ... EE1(K)=EE(N,K)
545 ... 9 CONTINUE
546 ... C SCALING OF THE AXIS THAT IS UNITS PER INCH OF PLOT
547 ... AA(14)=O.O
548 ... EE1(14)=0.0
549 ... AA(15)=0.33333333
550 ... EEl(15)=0.33333333
551 . . . C LOGIC TO DETERMINE THE APPROPRIATE SHADES AND
552 ... C SYMBOLS OF GRAPHS.
553 ... IF (N.EO.1) M=1
554 ... IF (N.EG.3) M=l
555 IF (N.EO.5) M=1

IF (N.EQ.2) M=O
557 IF (N.EO.4) M=O
558 IF (N.EG.6) M=O
55? IF (N.EO.1) 1=2
6I0 IF (N.EO.3) I=3

561 4.N.EO.5 I;=5

5I2 IF (N.E0. 2 I=5
56 ... IF (N.EO.4) 1=5
611 ... IF (N.EO.6) I<5

5I F ; N IF N.EO 3) CALL NEWI-EN (2)
566 IF (N.FO.5) CALL NEWPEN (1)
56"' C PLOTTING 00 THE SIX GRA'Hb
568 ... CALL. LINE EE1,A.13,1,M.I)
t69 ... 11 CONTINUE
570 ... CALL PLOT (6.5,0.0,999)
571 ... RETURN
572 . .. END

p

__ _ ___,_I

_ _ _ _ -------------- ~ )tZ . -
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